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ABSTRACT 
 
Environmental specimen banks (ESBs) have been a fundamental tool for many nations to 
monitor contaminant temporal and spatial trends, study fate and transport, and assess the severity 
and risks of pollution.  The specimens archived in ESBs are among the longest time-series, most 
geographically robust, and highest integrity samples available for performing environmental 
research.  Mercury (Hg) remains one of the world’s most prominent environmental 
contaminants, and ESBs have played a prominent role in Hg research.  This dissertation provides 
a review of the uses of ESBs for environmental research and management, focusing on 
applications pertaining to Hg.  This begins with a historical background on the emergence of the 
ESB as a formal institution, and a discussion of the rationale and strategies that dictate how 
environmental monitoring and specimen banking have co-evolved to function synergistically.  
While the design and underlying tenants of many ESBs are similar, the applications of this tool 
to environmental science are diverse, and will continue to evolve in response to the needs of new 
scientific disciplines.  Chapter A presents some of these applications, and discusses specific 
examples of how ESBs have been, and can be, successfully used to address Hg as a global 
pollutant of concern.  Historically this has involved measuring concentrations of Hg species in 
various environmental matrices.  However, the emerging field of stable Hg isotope research 
provides a new analytical approach that can augment these traditional techniques and provide 
new insights into Hg sources and biogeochemical cycling using ESB archives.  While this 
discussion focuses on Hg, these concepts are relevant for any emerging contaminant or other 
chemical or biological parameter than can be measured in archived samples. 
16 
 
The general discussion described above is followed by three original research projects 
highlighting the utility of archived samples in the National Institute of Standards and Technology 
(NIST) Marine Environmental Specimen Bank (MESB) (Hollings Marine Laboratory, 
Charleston, South Carolina, USA) for addressing different Hg research focuses.  These efforts 
are part of the Seabird Tissue Archival and Monitoring Project (STAMP), a collaboration 
between NIST and the U.S. Fish and Wildlife Service Alaska Maritime National Wildlife Refuge 
(USFWS-AMNWR) to study long-term trends and processes of persistent bioaccumulative 
contaminants in Alaska’s marine environments using seabird eggs. 
    The research presented in Chapter B embodies one of the more traditional and 
fundamental functions of ESBs; biomonitoring of contaminant concentrations in the 
environment.  This chapter exemplifies how ESBs provide geographically robust sample sets to 
examine large-scale spatial patterns of Hg contamination in the marine environment.  A critique 
is also presented on how food web factors can contribute to, and confound, long-term 
monitoring/banking.  We discuss how δ15N values and trophic magnification factors can be used 
to normalize spatial or temporal shifts in trophic level so that Hg concentrations in eggs (or other 
biota) more truly reflect the patterns of contamination in the environment.  These results showed 
that clear differences exist in Hg contamination at the scale of oceanographic basins (Gulf of 
Alaska, Bering Sea, and Chukchi Sea) and that the Norton Sound region has significantly 
elevated Hg concentrations relative to the rest of the Bering Sea.  These findings provide 
baseline data, contribute to our understanding of Hg fate and transport, and represent the first 7 
years of data for our long-term monitoring program.  This broad survey also provided key 
information on spatial heterogeneity among sites and which seabird species are most effective 
for biomonitoring, which will be used to further optimize the design of STAMP.    
17 
 
We hypothesized that the aforementioned enrichment in Hg concentrations in Norton 
Sound were due to terrestrial/fluvial sources of Hg originating from the Yukon River and 
southern Seward Peninsula drainages.  The follow-up study presented in Chapter C tested this 
source hypothesis by measuring Hg concentrations and stable isotopes of Hg, C, and N in 
archived murre eggs that were collected across a gradient extending from the coastal embayment 
of Norton Sound to oceanic insular colonies in the northern Bering Sea.  We found that the 
Norton Sound eggs had significantly higher Hg concentration than eggs from offshore, and also 
had distinctive Hg mass dependent fractionation (MDF) and mass independent fractionation 
(MIF) signatures that are consistent with a geogenic Hg isotope source.  The δ13C values in eggs 
from Norton Sound also indicated that seabirds here are integrating a strong terrestrial carbon 
source, further confirming that terrestrially derived Hg from the Yukon and Seaward Peninsula is 
the source of the contamination. Signatures of Hg isotope fractionation have been effectively 
used to differentiate anthropogenic sources from ambient Hg over small to medium spatial 
scales.  This study demonstrates that Hg stable isotopes in murre eggs effectively detected a 
large-scale gradient between geogenic Hg in the coastal zone and oceanic/atmospheric reservoirs 
offshore.  These results provide important insight into the utility of Hg isotope fractionation as a 
tool for source apportionment, and shows that samples from ESBs can be used for far more than 
just routine monitoring of contaminant concentrations.  For example, our warming climate is 
expected to cause extensive permafrost melt in the Arctic and a resulting increase in the flux of 
terrestrial Hg into the coastal zone.  Continued measurement of Hg isotopes in ESB archives 
from the Norton Sound region can provide an effective means to assess long-term shifts in the 
relative contributions of terrestrial and oceanic Hg sources to seafood. 
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    The final study in this dissertation (Chapter D) also measured Hg stable isotopes in 
murre eggs from the NIST MESB.  However this study had a broader focus that used samples 
that spanned different climatological zones and oceanographic basins.  While source 
apportionment is a useful and effective application of Hg isotope patterns, the isotope source 
signatures begin to change through further fractionation after they are released into the 
environment.  Therefore observations that are far removed in time and space from sources are 
more indicative of the equilibria conditions created by the fractionation reactions which 
transform and cycle Hg species through various environmental compartments.  One of the most 
important of these reactions is the photodegradation/photoreduction of methylmercury/mercury 
that mediates the evasion of Hg from the surface oceans to the atmosphere.  This reaction has 
been shown experimentally to impart a distinct MIF signature.  Our murre eggs exhibit a strong 
latitudinal gradient in MIF which correlates strongly with the prevalence of seasonal sea ice in 
Arctic waters.  These findings indicate that sea ice strongly inhibits Hg photodegradation and 
evasion, so continued sea ice loss will result in an increase in these processes that may be 
monitoring using mercury MIF values in northern surface waters.     
  As the research surrounding Hg stable isotopes continues to mature, ESBs can play a 
useful role in QA/QC, provide a robust and economical sample archive to expand and diversify 
the inventory of Hg isotope measurements, and be used to develop and test hypotheses to 
evaluate how broadly prevailing hypotheses are supported.  Samples archived in ESBs are 
available for request by external collaborators in order to perform high impact research, and 
should be fully utilized to address emerging environmental concerns. 
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CHAPTER A: INTRODUCTION - Environmental Specimen 
Banking: Background and Applications to Mercury Research   
 
 
A.1. Foreword  
Environmental specimen banks (ESBs) have been a fundamental tool for many nations to 
monitor contaminant temporal and spatial trends, study fate and transport, and assess the severity 
and risks of pollution.  The specimens archived in ESBs are among the longest time-series, most 
geographically robust, and highest integrity samples available for performing environmental 
research.  This chapter provides a review of the uses of ESBs for environmental research and 
management.  This begins with a historical background on the emergence of the ESB as a formal 
institution, and a discussion of the rationale and strategies that dictate how environmental 
monitoring and specimen banking have co-evolved to function synergistically.  We briefly 
review mercury (Hg) as a global pollutant, and discuss the emerging field of Hg stable isotope 
research.  We discuss specific examples of how ESBs have been, and can be, successfully used 
to address Hg as a global pollutant of concern.  Historically this has involved measuring 
concentrations of Hg species in various environmental matrices.  However, the emerging field of 
stable Hg isotope research provides a new analytical approach that can augment these traditional 
techniques and provide new insights into Hg sources and biogeochemical cycling using ESB 
archives.  While this discussion focuses on Hg, these concepts are relevant for any emerging 
contaminant, or other chemical or biological parameter than can be measured in archived 
samples.
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A.3. Abstract 
Environmental specimen banks (ESBs) have been a fundamental tool for many nations to 
monitor contaminant temporal and spatial trends, study fate and transport, and assess the severity 
and risks of pollution.  The specimens archived in ESBs are among the longest time-series, most 
geographically robust, and highest integrity samples available for performing environmental 
research.  Mercury (Hg) remains one of the world’s most prominent environmental 
contaminants, and ESBs have played a prominent role in Hg research.  Historically this has 
involved measuring concentrations of Hg species in various environmental matrices, but the 
emerging field of stable Hg isotope research provides a new analytical approach that can 
augment these traditional techniques.  Signatures of Hg isotope fractionation have been 
effectively used for source apportionment and for better understanding Hg biogeochemical 
cycling.  As the research surrounding Hg stable isotopes continues to mature, ESBs can play a 
useful role in QA/QC, provide a robust and economical sample archive to expand and diversify 
the inventory of Hg isotope measurements, and be used to develop and test hypotheses to 
evaluate how broadly prevailing hypotheses are supported.  Samples archived in ESBs are 
available for request by external collaborators in order to perform high impact research, and 
should be fully utilized to address emerging global environmental concerns.   
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A.4. History and rationale for environmental specimen banking 
The environmental sciences use a wide variety of tools and approaches in order to 
characterize ecosystems, study how they function, and assess the impacts of anthropogenic 
activities on ecosystem condition.  Environmental specimen banks (ESBs) are facilities that are 
dedicated to the systematic, long-term archival of biotic or abiotic environmental samples for 
monitoring and research.  Various types of environmental samples have been collected and used 
in past centuries to study environmental processes and how they change through time 
(Subramanian and Iyengar 1997).  Zoological and museum specimens were among the first 
collections that were utilized to retrospectively document time trends in the environment using 
archived samples such as feathers, fish, bones, teeth, or hair.  Recognition of the importance of 
ESBs as a formal and dedicated monitoring and research tool gained momentum in the late 
1970’s, punctuated with the International Workshop on Monitoring Environmental Materials and 
Specimen Banking in Berlin in 1978.  In the decades following this workshop, ESB programs 
were initiated around the globe and developed more sophisticated and well-defined 
methodologies to ensure the integrity of specimens.  Twenty-two formal ESBs now exist in 14 
countries (Table 1), with new facilities in other countries currently under development.  The 
underlying premise is to collect and process samples without altering their original composition, 
and preserve them in a stable environment over extremely long time-frames.  This typically 
means processing samples under clean room conditions using carefully chosen materials and 
detailed protocols, storing specimens under cryogenic temperatures, and using well-designed 
sample inventory and tracking systems.  
  
CHAPTER A: INTRODUCTION - Environmental Specimen Banking:  
Background and Applications to Mercury Research 
  26  
 
Country Name Location 
Brazil Marine Mammal Specimen Bank (BAMM) University of Rio Grande, Brazil 
Canada Canadian Wildlife Service Specimen Bank National Wildlife Research Centre 
Canada 
National Aquatic 
Biological Specimen Bank 
and Database 
Canada Centre for Inland Waters, 
Environment Canada 
Denmark Tissue and Data Bank for Greenland 
National Environmental Research 
Institute 
Finland Paljakka Environmental Specimen Bank Finnish Forest Research Institute 
France 
Observatoire de Recherche 
sur l’Environnement 
(ORQUE) 
University of Pau, France 
France 
ANDRE Observatoire 
Perenne de 
l’Environnement (OPE) 
University of Pau, France 
Germany German Environmental Specimen Bank 
Federal Environment Agency, 
Dessau-RoBlau 
Germany 
Environmental Specimen 
Bank for Human Organ 
Speciments 
University of Muenster 
Italy Mediterranean Marine Mammal Tissue Bank University of Padua, Italy 
Italy Antarctic Environmental Specimen Bank (BCAA) Genoa, Italy 
Japan 
Environmental Specimen 
Bank for Global 
Monitoring (es-Bank) 
Ehime Universtiy, Japan 
Japan 
Time Capsule for 
Environment and 
Endangered Wildlife 
National Institute of Environmental 
Studies, Japan 
Spain Environmental Specimen Bank of Galicia 
Universtiy of Santiago De 
Compostela, Spain 
South Africa Biological Resource Bank National Zoological Gardens, South Africa 
South Korea National Environmental Specimen Bank 
National Institute of Environmental 
Sciences (NIER), Seoul, South 
Korea 
South Korea South Sea Research Institute (SSRI) Geoje, South Korea 
Chapter A. Table 1. List of formal environmental specimen banks (ESBs) that currently 
exist or are under development. 
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Sweden Environmental Specimen Bank 
Swedish Museum of Natural 
History, Sweden 
United Kingdom National Fish Tissue Archive 
Centre for Ecology and Hydrology, 
United Kingdom 
U.S.A. Marine Environmental Specimen Bank (MESB) 
National Institute of Standards and 
Technology Charleston, SC, USA 
U.S.A. 
CDC and ASTDR 
Specimen Packaging, 
Inventory, and Repository 
Centers for Disease Control and 
Prevention 
U.S.A. Alaska Frozen Tissue Collection 
Museum of the North, University of 
Alaska, USA 
 
Archived samples can be used for a variety of purposes, but historically most ESBs have 
focused on environmental contaminants.  Specimens collected for banking are typically split into 
aliquots which can be individually retrieved for different analyses.  Most aliquots will be stored 
for long periods before they are analyzed, but coordinating long-term banking with real-time 
analyses of samples can provide valuable data that can feed back into further refining the design 
of long-term specimen banking programs.  These real-time data may be informative for defining 
the frequency of collection, the types and numbers of specimens needed, and the most 
appropriate spatial distribution of sampling in order to provide samples that are representative of 
the diverse conditions in the environment (Hebert and Weseloh 2003, Riget, Dietz and Cleeman 
2000).  Sample aliquots in ESBs are not only intended for internal use by ESBs and their 
immediate monitoring or research objectives.  Formal tissue access policies typically exist that 
provide a mechanism to distribute aliquots of archived samples to external researchers who have 
an appropriate scientific objective.  Considering the funding constraints that the research 
community faces in today’s financial environment, leveraging ESBs to conduct research is an 
economical and under-utilized alternative to obtaining funding and conducting costly field 
studies. 
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ESBs have been created to meet a variety of goals, but some of the most commonly 
stated objectives for ESBs regarding chemical contaminants are 1) to determine baseline 
concentrations, 2) to perform analytical quality control, 3) to evaluate compliance with 
environmental regulations, 4) to assess exposure and health risks to humans or wildlife, 5) to 
document temporal changes in contaminants due to policy actions, the emergence of new 
chemical contaminants, or environmental crises, and 6) to study the spatial distribution, 
transport, and cycling of contaminants.  The types of environmental samples archived in ESBs 
are as diverse as the objectives for which they are used and the countries from which they come.  
The species, tissue, or matrix that is selected for banking should be carefully chosen so that it 
integrates the particular environmental compartment, time period, or geographic region of 
interest.  The criteria for selecting appropriate monitoring matrices has been discussed 
extensively since formal environmental monitoring programs began (Luepke 1979).  In some 
cases the choice of what matrix to collect, analyze, or bank may be easy.  For example, if the 
goal is to monitor contaminant concentrations in fish in order to assess human health risks from 
seafood, then banking and analysis of routinely consumed fish species is clearly required.  
Similarly, if the mandate is to monitor water or sediment to assess compliance with regulatory 
guidelines then these specific matrices must be banked and/or analyzed.  If an animal health 
assessment is the primary objective, then the target species may be selected based on their 
conservation status and the severity of the presumed threats.  The aforementioned examples refer 
to scenarios where the species or matrix (water or sediment) is in itself the primary target.  
However in other cases the goal may be to use a biomonitoring species as a passive or active 
sampling tool to assess the relative differences in environmental contamination in a given area or 
for a discrete period of time.   
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Biomonitoring, when an organism is used to integrate the bioavailable fraction of a 
contaminant in the environment, is perhaps the most common type of contaminant field study.  
Countless species have been collected, analyzed, and declared to be a potential indicator species 
during discrete research efforts.  However candidate species for systematic real-time monitoring 
or long-term archival in ESBs should be thoroughly vetted to ensure they have suitable life 
history and physiological characteristics to integrate the specific segment of the environment and 
temporal period to meet the desired goals.  Species whose biology and ecology have been 
thoroughly studied provide the most appropriate candidates.  Even well-studied species may 
require additional experimental work such as pharmacokinetic studies for dynamic tissues like 
blood (Bearhop, Ruxton and Furness 2000, Fournier et al. 2002, Monteiro and Furness 2001, 
Schwenter 2007), seasonal sampling to assess temporal biases (Zhang, Campbell and Johnson 
2012, Blanvillain et al. 2007), or repeat sample collections to assess methodological biases of 
sample collection techniques.  Since the goal is to use a selected matrix as an indicator of the 
contamination in a given environment, other species or matrices from the same ecosystem should 
be simultaneously sampled during the program design phase in order to corroborate that the 
trends observed in the indicator species are representative of the environment at large.  For 
example, temporal Hg trends in Germany’s major rivers were corroborated using both bream and 
mussels (Lepom et al. 2012).     
Systematic monitoring of contaminants in the environment will continue to be a priority 
for managers, and ESBs can serve as valuable resource toward this goal.  ESB sample 
inventories are under-utilized for research by external collaborators and efforts should be made 
to improve visibility and increase interactions.  The following sections provide a concise review 
of Hg as a global pollutant, highlight the strengths of ESBs for contaminant research, and discuss 
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factors that should be considered when selecting target matrices and designing 
banking/monitoring programs.  The discussion will focus on the use ESBs for Hg research, with 
particular emphasis on the potential utility of banking and biomonitoring in the emerging field of 
Hg stable isotope research.  We will focus primarily on marine ecosystems, and conclude with a 
discussion of the challenges and limitations for using ESBs for environmental research. 
A.5. Mercury as a global pollutant 
Mercury (Hg) has long been recognized as one of the most ubiquitous and toxic 
contaminants in the environment, and a serious threat to the health of humans and wildlife.  A 
wide variety of modes of Hg toxicity have been demonstrated in mammals, birds, fish, and 
reptiles including neurotoxicity, impaired growth and development, reduced reproductive 
success, liver and kidney damage, immunomodulation, genotoxicity, and endocrine disruption 
(Wiener et al. 2003, Day et al. 2007, Pereira et al. 2010, Drevnick and Sandheinrich 2003, 
Zelikoff et al. 1994).  The primary route of MeHg exposure for humans and wildlife is from 
consumption of contaminated aquatic organisms.  In the United States 76% of fish consumption 
advisories in 2003 were due at least in part to Hg, for a total of 5,289,020 hectares of lakes and 
1,234,127 river miles (USEPA 2004).  Unlike many legacy compounds like DDT or PCBs that 
have been phased out of use in many countries and are declining in the environment, Hg levels 
have not systematically declined, and have remained stable or increased in many areas (AMAP 
2011).  Based on the reliance of much of the world population on fossil fuels for electricity, Hg 
will likely remain a contaminant of concern for decades to come.  Unlike man-made 
contaminants, Hg is a naturally occurring heavy metal that is part of the Earth’s geology and is 
released into the hydrosphere and atmosphere through normal environmental processes such as 
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weathering, erosion or geothermal activity.  While anthropogenic activity does not create new 
Hg, it does dramatically alter the distribution and cycling of Hg between the lithosphere and 
more bioactive environmental compartments.  Since Hg is present in most geogenic materials, 
human activities that accelerate erosion, such as mining, will accelerate the liberation of Hg from 
geogenic reservoirs.  Mining of Hg-rich ores such as cinnabar, or gold mining that uses Hg for 
amalgamation are significant sources of Hg pollution to local environments (Gehrke, Blum and 
Marvin-DiPasquale 2011, Foucher, Ogrinc and Hintelmann 2009).  Mercury has numerous 
industrial applications such as chlorine production, fluorescent lights, and in the medical and 
electronics industry.  Mercury from these applications may be discharged as waste directly into 
local watersheds, or released into the atmosphere through medical or refuse incineration, but the 
largest anthropogenic source of Hg is fossil fuel combustion (AMAP 2011).  Once released into 
the environment, Hg undergoes complex chemical speciation, biogeochemical cycling, and 
isotope fractionation which has been thoroughly reviewed elsewhere (Fitzgerald, Lamborg and 
Hammerschmidt 2007, Sonke 2011).  While in aquatic systems, Hg may undergo biotic or 
abiotic methylation, to form methylmercury (MeHg).  The MeHg species is more lipophilic and 
toxic than inorganic Hg (IHg), and is efficiently bioaccumulated by organisms and biomagnified 
up aquatic food webs where concentrations and toxicity are highest at upper tropic levels.   
Global sources of Hg emissions have decreases in North America and Europe but are 
rapidly increasing in developing nations in Asia (AMAP 2011).  Given the propensity for 
extended residence times and long-range transport (Schroeder and Munthe 1998, Selin et al. 
2007), atmospheric Hg pollution is a global phenomenon.  Increases in emissions from distant 
Hg sources means that Hg concentrations in local environments may not be immediately 
responsive to local or regional changes in emissions.  This presents a challenge for those charged 
CHAPTER A: INTRODUCTION - Environmental Specimen Banking:  
Background and Applications to Mercury Research 
  32  
with assessing the degree to which new management policies improve environmental conditions.  
Multi-decadal monitoring and specimen banking programs combined with state-of-the-art 
analytical tools are an effective means to meet these challenges.   
Mercury pollution has traditionally been monitored by measuring the concentrations of 
Hg species in inorganic and organic matrices.  However the advent of multi-collector inductively 
coupled plasma mass spectrometry (MC-ICPMS) has led to a growing number of studies 
documenting natural variability of Hg stable isotope fractionation in abiotic and biotic matrices 
in the environment.  Isotope systems of other elements have been used for decades for forensics, 
source apportionment, or to study environmental processes.  However the high atomic mass of 
Hg results in a much lower relative mass difference between isotopes compared to lighter 
elements, and a resulting smaller degree of mass dependent isotope fractionation.  Therefore the 
small differences in Hg isotope abundances in natural samples cannot be adequately resolved 
without the high precision isotope ratio measurement capability of MC-ICPMS.  Mercury 
isotope ratios are reported using delta (δ) notation, which references all measured isotope ratios 
to a universally used delta standard (NIST SRM 3133), and provides a relative measure of the 
degree of Hg mass-dependent fractionation (MDF).  Mercury is among a small group of 
elements which also exhibits mass-independent fractionation (MIF) that is based on the parity 
(odd versus even) of the isotope, which is reported using capital delta (Δ) (Blum and Bergquist 
2007).  One area of research using Hg isotopes has been source apportionment, which 
distinguishes Hg from a given source location or source type from ambient Hg by measuring the 
distinct Hg isotope signature.  Various geologic and environmental matrices have been 
characterized to inventory the isotope signatures of different types of source materials, and 
document the ranges in Hg MDF and MIF in materials around the globe.  This has included host 
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rocks, Hg-bearing minerals, hydrothermal fields, sediments and soils (Yin, Feng and Shi 2010) 
(Feng et al. 2010, WenFang et al. 2011), coal (Biswas et al. 2008), aquatic biota (Gantner et al. 
2009, Perrot et al. 2010, Bergquist and Blum 2007, Senn et al. 2010, Laffont et al. 2009) (Point 
et al. 2011, Senn et al. 2010).  The Hg isotope signatures in these materials were recently 
reviewed in Yin et al. (Yin et al. 2010) and Sonke (Sonke 2011), and highlight distinct Hg MDF 
and MIF in a variety of source materials (Figure 1).  Gradients in Hg concentrations and isotope 
signatures have been associated with Hg point sources such as chlor-alkali plants (Perrot et al. 
2010), atmospheric Hg emissions (Jackson and Muir 2012, Estrade, Carignan and Donard 2010, 
Estrade, Carignan and Donard 2011), mines (Foucher et al. 2009, Gehrke et al. 2011), or natural 
geogenic sources (Day et al. 2012a).  To improve the utility of isotopic source apportionment we 
need to expand and improve data inventories of Hg MDF and MIF values for variety of sample 
types and locations.  This is one function where the robust sample archives in ESBs can play a 
particularly useful role. 
The cycling of Hg in marine systems has been thoroughly reviewed elsewhere (Fitzgerald 
et al. 2007), and high-lights the complexity of Hg dynamics in the environment and the lack of 
adequate data to fully describe these processes.  Another application of measuring Hg stable 
isotopes in the environmental is to study Hg biogeochemical cycling.  Isotope fractionation has 
been observed in numerous physical, chemical, and biological transformations of Hg, including 
redox reactions (photolysis, microbial, or chemical pathways), evaporation/condensation, 
volatilization, methlyation, absorption, and diffusion  (Bergquist and Blum 2007, Kritee et al. 
2007, Laffont et al. 2009, Yang and Sturgeon 2009, Zheng, Foucher and Hintelmann 2007, 
Estrade et al. 2009).  MDF is the most common form of fractionation, and is driven by small 
differences in physicochemical properties such as diffusivity and chemical bond strength that 
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results from isotopes having slightly different atomic masses.  Some elements such as oxygen, 
sulfur, and Hg also undergo MIF, which is caused by differences in isotope parity (even versus 
odd isotopes) instead of mass.  MIF is induced by the magnetic isotope effect or nuclear field 
shift effect which causes preferential enrichment/depletion of odd and even isotopes during some 
chemical processes, particularly those involving radicals.  Photodegradation of MeHg and 
photoreduction of iHg have been experimentally shown to induce MIF in the presence of organic 
ligands (Bergquist and Blum 2007, Zheng and Hintelmann 2009).  The photoreduction of iHg 
into more volatile Hg0 is an important processes mediating the exchange of Hg species between 
aquatic and atmospheric reservoirs (Sunderland and Mason 2007), and is believed to be the most 
important mechanism inducing the Hg MIF that has been observed in nature (Bergquist and 
Blum 2007, Sonke 2011).  Measuring Hg fractionation in key compartments of the environment 
and using experimentally derived rate constants for various fractionation reactions makes Hg 
isotopes a new tool for modeling global Hg cycles (Sonke 2011). 
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Chapter A. Figure 1. Review of MDF (δ202Hg) (Yin et al. 2010) and MIF (Δ199Hg) (Sonke 2011) reported in various 
types of natural samples and the number of observations for each. 
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A.6. Utility of ESBs 
A.6.1. Analytical QA/QC 
The analytical instrumentation and methodology used to quantify environmental 
contaminants is constantly evolving as new technology and innovations are developed.  This 
evolution invariably improves the reliability of more recent data, however it may create potential 
biases when meta-analyses are performed that include different analytical methods.  This may be 
particularly problematic for very long-term datasets that transcend periods where substantial 
changes in analytical practices occurred.  Ideally all environmental samples that are analyzed are 
accompanied by matrix-matched standard reference materials (SRM) with certified 
concentrations for analytes of interest.  However, readily available matrix-matched SRMs may 
not exist for some sample types, which could introduce undetectable matrix-based analytical 
artifacts during the measurement of environmental samples.  Certified SRMs are typically 
measured by metrology laboratories using multiple independent methods that represent the best 
available technology at that time.  However, these methods too may change over time, and the 
inventories of some SRM materials may be consumed and replaced by new materials, providing 
little opportunity to validate the comparability of methods over very long time periods.  Some 
monitoring and banking programs, such as NOAA’s National Status and Trends Mussel Watch, 
are supported by the production of matrix-matched SRMs (e.g. mussels and oysters) that are also 
archived for long-term QA/QC and stability testing.  This provides a high degree of long-term 
QA/QC while avoiding the consumption of precious environmental samples through repeated 
reanalysis.    
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Since the modern conception of environmental specimen banking, the value of ESBs for 
maintaining QA/QC has been recognized.  Real-time monitoring programs without some 
specimen banking component may have a more difficult time confirming the long-term 
continuity of datasets.  This is particularly important where significant analytical advances have 
been made in a field.  Total Hg can be one of the more difficult elements to quantify because of 
high reactivity, volatility, and long wash-out times.  However cold vapor and combustion sample 
introduction techniques have improved these measurements and increased sample throughput for 
total Hg quantification, and this measurement is now routine for a wide range of matrices.  The 
past decade has seen significant measurement improvements for organo-Hg species 
(methylmercury, ethylmercury) using hyphenated techniques such as GC-ICPMS and speciated 
isotope dilution (Point et al. 2007).  This method allows the inter-conversion of Hg species 
during sample preparation to be tracked, and corrected, eliminating a significant source of 
measurement error for some types of sample matrices.  Archived samples that were previously 
analyzed using less precise methods can now be reanalyzed to ensure method biases did not 
contribute to the observed trends.   
The relatively recent availability of MC-ICPMS has created a growing field of research 
on Hg stable isotopes.  The relatively heavy mass of Hg means that differences in atomic mass 
among the seven Hg stable isotopes are small relative to the overall mass.  Therefore the degree 
of Hg isotopic fractionation in natural samples is small (maximum range of ~ 8 ‰, and typically 
much smaller within studies) (Foucher and Hintelmann 2006, Smith et al. 2008, Smith et al. 
2005, Sonke et al. 2010, Yin et al. 2010) compared to lighter isotopes.  The high instrumental 
precision of MC-ICPMS has proven to be adequate to discriminate the variability in Hg isotope 
ratios in environmental samples.  Perhaps the largest analytical challenges stem from the same 
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properties that made Hg problematic for total elemental analysis and speciation; its reactivity.  
The most commonly used sample preparation method for measuring Hg isotope ratios is an acid 
digestion (often microwave assisted) to fully oxidize all MeHg into Hg+2 followed by a cold 
vapor sample introduction by reducing Hg+2 to volatile Hg0 (typically using stannous choride).  
Incomplete digestion or reduction can induce MDF (Yang and Sturgeon 2009), so it is critical to 
confirm the recoveries of these reactions to ensure no analytical artifacts are introduced.  
Complex biological matrices can impair the efficiency of cold vapor generation if they are 
present in the digestant at high concentrations, so samples should be diluted so they are similar in 
matrix content to the delta bracketing standard.  One approach to eliminate the issue of the 
biological matrix is to perform a separation where the Hg is captured on and re-eluted from a 
column or amalgamator, but these processes must also be 100% efficient to avoid isotope 
fractionation artifacts.  These matrix-related analytical challenges are compounded by the fact 
that currently the Hg isotope research community relies on inorganic inter-laboratory comparison 
standards such as the informally distributed UM-Almaden material for QA/QC validation.  
QA/QC practices typically include reporting the measured δxxxHg and ΔxxxHg in UM-Almaden 
compared to the accepted values, but there is rarely any isotopically characterized biological 
control material (and even more rarely matrix-matched) measured in conjunction with unknown 
environmental samples to verify the validity of measurements.  Inevitably, the analytical 
methodologies being used in this field will also continue to evolve and improve.  Proper archival 
of samples from defining studies being conducted now will allow future reanalysis and 
verification of findings using new and improved methods, thereby further advancing this field 
using the most accurate data possible.  
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A.6.2. Environmental compliance/management/remediation/response 
The well-documented protocols used by ESBs for sample collection, processing, and 
analyses make them useful tools for environmental programs where management, policy, or 
litigation action may be involved.  This may include permitting, risk assessment, remediation, 
environmental impact assessments, or responses to major environmental crises.  Some ESBs 
have explicitly stated that one of their primary functions is to monitor and archive samples in 
order to assess and document compliance with environmental regulations.  The German ESB has 
such a mandate, and collects and analyzes biota, sediment, or water for comparison to legislated 
Hg Environmental Quality Standards (EQS) (Lepom et al. 2012).  Thus far the preferred tissues 
to monitor surface waters for this purpose have been bream (Abramis brama L.) and zebra 
mussels (Dreissena polymorpha).  The Galician ESB has used macroalgae (Fucus spp.) to 
monitor Hg and other metals in coastal waters in order to demonstrate compliance with the 
European Marine Strategy Framework Directive (Directive 2008/56/EC).  These very pragmatic 
and clearly defined functions give ESBs strong relevance for both policy development and 
management action. 
Responding to and documenting the impacts and recovery from environmental incidents 
is also a key role that ESBs can play.  The NIST MESB has banked samples collected in 
response to the Deepwater Horizon/BP oil spill in the Gulf of Mexico in 2010 (personal 
observation) and the Exxon Valdez Damage Assessment program in 1989 (Becker et al. 1997b).  
Thorough documentation of collection and processing protocols and chain of custody control is 
critical in these scenarios where samples may be used as evidence in court proceedings to assess 
financial reparations.  In the aftermath of environmental incidents, there is often a realization that 
archived samples from before the crisis that can serve as a baseline do not exist.  This makes 
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assessing damages and documenting recovery difficult (Wakeford and Kasserra 1997).  These 
lessons provide further justification to maintain, or expand, a comprehensive archive of samples 
even when funding is not available for real-time analyses.   
While Hg is not a priority contaminant in oil spills, other industrial activities such as 
chlor-alkali plants, gold and Hg mining, and coal-fired power plants are important point sources 
of Hg.  Releases from these point sources are less acute, however systematic sampling prior to 
(e.g. during permit requests), during, and after these operations allows for an assessment of the 
Hg pollution associated with these activities.  Establishing a definitive link between a presumed 
Hg source and the ultimate environmental sink can be challenging because of the ubiquitous 
nature of Hg pollution and the myriad of factors that control its fate and bioavailability.  
Documenting that elevated Hg concentrations are temporally or spatially associated with a point 
source provides one line of evidence to make this link.  Mercury stable isotope data provide 
another means to chemically differentiate Hg from a point source from ambient background Hg 
present in the region.  This has been successfully done with mine tailings (Gehrke et al. 2011), 
coal-fired power plant emissions (Jackson and Muir 2012), and chlor-alkali plant pollution 
(Perrot et al. 2010) due to the distinct isotopic patterns in the Hg source materials.  Using 
archived samples for isotopic source apportionment of Hg could provide an effective new tool 
for use in environmental impact assessments.   
A.6.3. Health risks to humans and wildlife 
The impetus for environmental monitoring and regulations is to protect humans and 
wildlife from the adverse effects of chemical contaminants.  The degree of emphasis on human 
tissue collection and archival in ESBs varies globally.  In some cases, agencies such as the U.S. 
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Center for Disease Control whose explicit mandate is human health, take a leading role in the 
archival of human tissues.  However human liver samples were one of the earliest samples 
housed in the NIST MESB, and the German and Japanese ESBs have ongoing programs 
archiving blood, urine, and hair for Hg analysis.  One underlying assumption is that higher Hg 
contamination in a local environmental will result in higher exposure and health risks to humans 
in that area.  Since food (in particular seafood) is the main route of MeHg exposure, the link 
between local environmental Hg contamination and human exposure will be strongest for 
subsistence fishermen in rural regions, and indigenous peoples who consume locally caught 
species instead of imported food products.  Monitoring Hg exposure in these demographics 
provides data on those most closely linked to the local environment and those with the highest 
Hg exposure and toxicological risks.  Other types of human banking and monitoring programs 
may be more appropriate for assessing occupational, medical, or atmospheric Hg exposure.  In 
the U.S., the FDA has the regulatory responsibility for monitoring food safety, and plays a 
leading role in screening commercial seafood products such as fish for Hg.  However these 
efforts rarely include subsistence food items such as marine mammal tissues that have Hg 
concentrations far higher than typically reported in fish (Becker 2000, Mackey et al. 1995).  
ESBs monitoring programs have targeted liver, kidney, and muscle from commonly hunted 
marine mammals, and eggs from seabirds that make up a routine part of human diets in some 
northern regions (Becker 2000, Day et al. 2012b, Becker et al. 1990).    
Wildlife species with high Hg concentrations are also subject to toxicological risk 
themselves.  In practice, many monitoring programs target species that have relevance for both 
human and wildlife health.  ESBs that include wildlife health among their primary objectives 
will choose target species for banking that have the highest contaminant exposure, greatest 
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toxicological sensitivity, and most tenuous conservation status.  In some cases this means 
working with protected species that have restricted access to tissues and limited or no direct 
toxicological data to establish impact thresholds.  Instead, data from model species can be 
considered in conjunction with correlative field studies of exposure and health indicators, and in 
vitro and in vivo experimental work to establish a weight of evidence approach for assessing 
toxicological risk.  Field-based health assessments, lab-based toxicology, and specimen banking 
and monitoring can be combined to construct a population-level risk assessment like that 
performed for POP exposures in bottlenose dolphins in the southeast U.S. (Schwacke et al. 
2002).  Samples from ESBs can provide baseline data on contaminant exposure in species of 
interest in order to assess risk broadly and determine where additional research is merited 
(Becker 2000, Subramanian and Iyengar 1997). 
A.6.4. Fate and transport 
Monitoring and banking programs inevitably have a spatial component to their designs.  
Generating baseline Hg concentrations, assessing toxicological risk, and longitudinal sampling at 
multiple sites all lend themselves to comparing geographic patterns in Hg contamination among 
sites.  Sampling locations for ESB programs may reflect localized urban or industrial activity or 
relatively pristine conditions.  Monitoring and banking done on this scale allows for meaningful 
comparisons within or among watersheds to investigate anthropogenic sources and natural 
transport and biochemical cycling within regions.  This type of approach is not unique to ESBs, 
as discrete research projects often focus on localized scales in order to address specific research 
questions.  However, the longevity and broader scope of ESB programs means that the spatial 
scales at which samples are collected and research questions are asked can be much broader.  
The Japanese es-Bank has used archived samples collected worldwide to determine regional and 
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global distributions and trends for various contaminant classes in developed and developing 
nations (Tanabe 2006).  The NIST MESB has seabird egg samples from the Seabird Tissue 
Archival and Monitoring Program (STAMP) that span from the Arctic Ocean to the Hawaiian 
islands (Day et al. 2012b) (personal observation).  Seabird eggs from the families Alcidae and 
Laridae are globally distributed and are routinely banked in the U.S., Canada, Denmark, Sweden, 
and Norway.  The availability and high quality of archived seabird eggs make it possible to 
conduct a truly global study on Hg isotopes, butyltins, or other contaminants of concern by 
utilizing the international network of ESBs (Figure 2).  A similar approach could also performed 
using other broadly distributed and commonly banked taxa that represent lower and high trophic 
levels, such as bivalves and delphinids.  There are approximately 300 U.S. Mussel Watch sites 
that span the entire continental U.S. coastline, Great Lakes, Alaska, Puerto Rico, and Hawaii 
(Kimbrough et al. 2008).  European ESBs have excellent broad-scale coverage of this continent 
using bivalves, and specimen banks in Japan have numerous bivalve collection sites in Asia.  
Delphinids have a global distribution and a broad latitudinal range, and are also routinely banked 
during strandings, harvest, and health assessments.  Tissues from Delphinids in the Atlantic have 
been collected for the Marine Mammal Health and Stranding Program from New Brunswick, 
Canada to the Gulf of Mexico (Pugh et al. 2006).  The Japanese es-Bank has an extensive 
archive of delphinid tissues throughout the Pacific and Indian Oceans (Table 3)  Like seabirds, 
delphinids often have ranges that integrate a broad enough area to be representative of regional 
conditions (opposed to highly localized), and could be useful for large-scale geographic studies. 
 The ability to look at larger scale patterns is one of the true strengths of ESBs compared 
to other types of contaminant research efforts.  Comprehensive sampling programs combined 
with detailed documentation and database management allows sample archives to be mined for 
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Chapter A. Figure 2. Map showing sample collection locations for one of the more geographically robust tissues archived in
specimen banks worldwide; seabird eggs.  Red markers indicate eggs from gulls of the family Laridae, and orange markers indicate
eggs from the family Alcidae.  Upward triangles are from the NIST MESB, circles from the Canadian Wildlife ESB, downward
triangles from the Tissue and Databank for Greenland, diamond from the Swedish ESB, and squares from the Norwegian ESB. 
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the most appropriate specimens to infer the distribution, biogeochemical cycling, or isotope 
fractionation of Hg in the environment.  The field of Hg stable isotope research is relatively new, 
so diverse observations provide valuable data to improve our current understanding of Hg 
isotope fractionation in the environment.  Samples from ESBs are ideal to generate baseline data, 
provide a broad sense of context, and look for patterns that can frame and test hypotheses 
regarding the variability and processes that define Hg fractionation. 
A.6.5. Temporal trends 
One of the primary strengths of ESBs is the ability to conduct retrospective time-trend 
analyses on samples that have been systematically collected and archived.  Changing technology 
and industry can lead to the release of new classes of contaminants, or create the ability to 
measure previously undetectable or unknown compounds in the environment.  No historical data 
exists for new and emerging contaminants to compare to current data, so archived samples in 
ESBs provide the most powerful tool available to retrospectively assess temporal trends.  
Mercury has been included in routine contaminant monitoring for decades, but new technology 
has made it possible to measure Hg stable isotopes, creating a completely new analytical target 
for which no historical data exist.  For traditional Hg concentration studies, shifts in urban or 
industrial activity, regulatory action, or climate change can create a need to generate temporal 
data from areas previously considered a low priority.  Thoughtfully designed banking programs 
often include samples that do not merit real-time analysis at the time of collection, but become a 
valuable resource as patterns in human impacts and research priorities change. 
 As discussed above, selecting an appropriate sample type is critical to maximizing the 
power of your monitoring program to detect temporal trends.  One of the most important criteria 
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to consider is the time-period through which your sample integrates the ambient environmental 
Hg.  On one end of the spectrum is a water sample which provides a snap-shot of Hg in the 
aquatic environment.  Some complications are that water may exhibit low concentrations and 
high short-term variability, which means that assessing annual differences may require a 
tremendous number of samples.  On the other end of the spectrum is a sample such as marine 
mammal liver.  Mercury accumulates in this organ over decades of the animal’s life, which 
introduces potential confounding effects related to the individual’s life history status.  This limits 
sampling to individuals of similar age and sex, makes assumptions and corrections for 
bioaccumulation with age, or requires extremely long monitoring durations before a reasonable 
change in environmental Hg levels can be detected.   
The ideal specimen for monitoring annual changes in environmental Hg reflects the Hg 
assimilated during the same period in the same location each year.  This requires knowledge of 
the behavior, physiology, pharmacokinetics, and life history of the species and tissue in question.  
Seabird eggs are being used by numerous specimen banks to track Hg temporal trends, and have 
proven to be very effective at tracking changes in environmental Hg (Figure 3A).  ESBs 
currently banking seabird eggs include the Canadian Wildlife Service Specimen Bank (Wakeford 
and Kasserra 1997), German Environmental Specimen Bank (Emons, Schladot and Schwuger 
1997), Environmental Specimen Bank at the Swedish Museum of Natural History (Odsjo et al. 
1997), and the NIST Marine Environmental Specimen Bank (Day et al. 2012a).  Many seabird 
species are income breeders (Hobson, Sirois and Gloutney 2000), so the Hg deposited into eggs 
each year reflects the Hg consumed in prey by nesting females once they arrive at the breeding 
grounds.  Mercury in bird eggs has been found to reflect Hg in the blood or diet of nesting 
females (Kambamamonli-Dimou, Kamarianos and Kilikidis 1991, Evers et al. 2003), and eggs 
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are generally a well characterized tissue for banking.  Macroalgae have also been used by ESBs 
in Poland, Germany, Denmark, and Spain (Viana et al. 2010).  Macroalgae have a limited ability 
to regulate metal ion uptake (Fuge and James 1974), and provide a time-integrated measure of 
the Hg concentrations in their environment.  Macroalgae are also sedentary, widespread, and 
easy to collect.  Other matrices that reflect discrete periods of Hg exposure and may be suitable 
to bank for temporal studies are plankton, yearling fish, blood, or keratinized structures such as 
feathers or hair that have known growth patterns.  Fish filets (Figure 3B) and mussels from ESBs 
have also successfully been used to track temporal trends (Lepom et al. 2012, Kimbrough et al. 
2008). Since the Hg concentrations in fish filets and mussels may be confounded by 
bioaccumulation with age, the size/age class that is sampled for each species must be restricted in 
order to minimize this effect. 
  The temporal studies discussed above have measured trends in Hg concentrations, but 
these same matrices may also be suitable to track temporal changes in Hg isotope patterns in the 
environment.  Temporal changes in atmospheric Hg isotope ratios have been reconstructed over 
century time scales using dated cores from peat (WenFang et al. 2011) and lake sediments 
(Jackson and Muir 2004), and suggest that anthropogenic emissions have caused a shift to 
isotopically lighter Hg deposition into aquatic and terrestrial environments.  This approach can 
yield valuable data, however, there is also evidence that varying degrees of diagenesis across 
these cores may alter the source Hg isotope signature, thereby introducing artifacts in the 
temporal trend.  Therefore corroborating these results with independent observations in other 
sample matrices would further strengthen these findings.  ESB samples that are collected and 
stored in a manner suitable to preserve the Hg isotope ratios offer an alternative to coring to 
detect potential temporal evolution of Hg isotope signatures in the environment.  Dietz et al. 
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(Dietz, Outridge and Hobson 2009) compiled temporal data on Hg in hard structures of biota 
(teeth, hair, and feathers) from the Arctic that dated back to 1200 in order to estimate the 
proportion of anthropogenic Hg in present day biota.  These sample types that exist in long-term 
archives present a valuable opportunity to explore Hg isotope tools temporal trends, and should 
be priorities for analysis and continued banking.  Samples dating back 3 to 4 decades are more 
common in ESBs, and have been collected, processed, and stored under more controlled 
conditions.  The Swedish ESB, Canadian ESB, and German ESB have seabird eggs from the 
60’s, 70’s and 80’s (Emons et al. 1997, Odsjo et al. 1997, Braune, Donaldson and Hobson 2001), 
and the NIST MESB maintains the Mussel Watch archive that represents one of the longest time-
series (1986 to present) in the U.S. (Becker et al. 1997b).  A comprehensive compilation of the 
most prominent sample archives in ESBs worldwide is shown in Table 2.  These collections 
represent the longest ongoing tissue collections that are currently available for request by 
external collaborators.  Selecting the desired region, ecosystem, species, and tissue from this vast 
library of samples make it possible to investigate temporal trends of Hg isotopes or other 
emerging contaminants across numerous environmental compartments.        
In addition to monitoring changes in anthropogenic Hg sources, Hg isotope fractionation 
may be useful for tracking temporal changes in the release and cycling of Hg in natural 
reservoirs in response to climate change.  Seabird eggs from the MESB have been effective in 
using Hg isotope signatures to differentiate whether Hg in marine food webs is derived from 
terrestrial geogenic sources versus oceanic reservoirs (Day et al. 2012a).  Eggs banked from the 
coastal embayment of the Norton Sound had a distinct terrestrial/geogenic isotope signature for 
carbon and Hg that reflects the influence of the Yukon River.  As permafrost melts in northern 
watersheds such as the Yukon, increased erosion and flushing of soils and peat is expected to 
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increase the inputs of fluvial Hg into coastal ecosystems.  This process could be quantified by 
measuring long-term changes in Hg concentrations and Hg fractionation patterns in banked 
seabird eggs.  Rising global temperatures have many other anticipated effects on environmental 
processes, including diminishing the extent of sea ice coverage.  Sea ice acts as a physical barrier 
to the photodegradation of MeHg and photoreduction of iHg that induce MIF.  Alaskan seabird 
eggs from the NIST MESB were able to detect significant differences in MIF at northern sites 
that experience seasonal sea ice compared to southern sites that are ice-free all year (Point et al. 
2011).  As sea ice continues to recede, MIF values in banked seabird eggs can be used to monitor 
increases in Hg photoreduction, and model the resulting increase in Hg evasion from oceanic 
surface waters to the atmosphere. 
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Chapter A. Figure 3. Temporal Hg trends from ESB samples for A) thick-billed murres (Uria lomvia) eggs from the Canadian
Arctic (Braune 2007) and B) bream (Abramis brama) muscle from a German river (Lepom, Irmer and Wellmitz 2012). 
A B 
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Species Tissue Year n Ecosystem/ Guild Region Publications 
NIST MESB 
Mussels (Mytilus spp, 
Dreissena spp.) and 
oysters (Crassostrea 
virginica) 
Soft tissue 1986-  
Coastal/estuarine 
and Great Lakes; 
benthic filter 
feeder 
Continental U.S.A., 
Hawaii, Alaska 
http://ccma.nos.noaa.gov/about/coast/nsandt/muss
elwatch.aspx 
Common murre (Uria 
aalge) and thick-billed 
murre (U. lomvia) 
egg 1999-  Coastal/marine; piscivore 
Alaska, Pacific 
Northwest, Hawaiian 
Islands 
(Day et al. 2012a, Day et al. 2012b, Point et al. 
2011, Sonke 2011, Vander Pol et al. 2011, Day et 
al. 2006, Christopher et al. 2002, Vander Pol et al. 
2012) 
Sea otter, Enhydra 
lutris 
liver, kidney, 
serum 1997-2007 40 Coastal/marine 
SE Alaska, Cook 
Inlet  
Pacific walrus, 
Odobenus rosmarus 
divergens 
liver, kidney, 
blubber 1993-2006 47 Coastal/marine 
Bering Sea, Chukchi 
Sea (Becker 2000) 
California sea lion, 
Zalophus 
californianus 
blubber, liver, 
kidney 1993-2007 39 Coastal/marine California  
Northern fur seal 
Callorhinus ursinus 
liver, kidney, 
muscle 1987-2007 73 Coastal/marine 
St. Paul Island, 
Alaska 
(Becker 2000, Becker et al. 1990, Zeisler et al. 
1993, Schantz et al. 1993, Becker et al. 1997a) 
 
Bearded seal, 
Erignathus barbatus 
liver, kidney, 
blubber 1989-2007 64 Coastal/marine 
Norton Sound, 
Chukchi Sea, Alaska (Becker et al. 1997a, Mackey et al. 1996) 
Spotted seal, Phoca 
largha 
liver, kidney, 
blubber 1991-2007 27 Coastal/marine 
Kotzebue Sound, 
Alaksa (Becker et al. 1997a) 
Harbor seal, Phoca 
vitulina 
liver, kidney, 
blubber 1990-2005 18 Coastal/marine Cook Inlet, Alaska 
(Becker 2000) 
 
Ringed seal, Phoca liver, kidney, 1988-2007 120 Coastal/marine Chukchi Sea, Norton (Mackey et al. 1996, Becker 2000, Zeisler et al. 
Chapter A. Table 2. Compilation of the most prominent long-term sample sets currently available in ESBs worldwide. 
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hispida blubber Sound 1993, Schantz et al. 1993, Becker et al. 1997a) 
 
Bowhead whale, 
Balaena mysticetus 
liver, kidney, 
blubber 1992-2006 80 Marine Barrow, Alaska 
(Mackey et al. 1996, Becker 2000, Krone et al. 
1999, Becker et al. 1997a) 
 
Pygmy sperm whale, 
Kogia simus 
liver, kidney, 
blubber 1998-2010 42 Marine 
North Carolina, 
South Carolina, 
north/mid Florida 
 
Beluga whale 
Delphinapterus leucas 
blubber, liver, 
kidney 1989-2006 79 Marine 
Alaska (Cook Inlet, 
Chukchi Sea) 
(Becker et al. 1995, Becker 2000, Mackey et al. 
1996, Zeisler et al. 1993, Schantz et al. 1993, 
Becker et al. 1997a) 
 
Pilot whale 
Globicephala melas 
liver, kidney, 
blubber 1990-2005 39 Marine Northwest Atlantic 
(Mackey et al. 1995, Becker et al. 1995, Becker et 
al. 1997a) 
 
Common dolphin, 
Delphinus delphis 
liver, kidney, 
blubber 1996-2007 44 Coastal/marine 
New England (MA) 
and Mid Atlantic  
Rough-toothed 
dolphin, Steno 
bredanensis 
liver, kidney, 
blubber 1997-2005 46 Marine 
Florida (GOM, Keys, 
St. Lucie)  
Harbor porpoise, 
Phocoena phocoena 
liver, kidney, 
blubber 1990-2006 39 Coastal/marine 
Northwest Atlantic, 
(New England, Mid-
Atlantic, New 
Brunwick Canada), 
Pacific NW 
(Becker et al. 1997a, Mackey et al. 1995) 
 
White-sided dolphin 
(Lagenorhynchus 
acutus) 
liver, kidney, 
blubber 1993-2008 96 Coastal/marine Massachussets 
(Becker et al. 1997a, Mackey et al. 1995) 
 
Bottlenose dolphin, 
Tursiops truncatus 
liver, kidney, 
blubber 1997-2010 109 Coastal/marine 
Mid-Atlantic to Gulf 
of Mexico (most 
from Carolinas) 
 
Polar bear, Ursis 
maritimus 
liver, kidney, 
adipose 1996-2007 87 Marine 
Bering Sea, Chukchi 
Sea 
(Becker 2000) 
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German ESB 
Bream, Abramis 
brama muscle, liver 1985-  Limnic Germany 
(Wenzel et al. 2004, Rudel, Bohmer and Schroter-
Kermani 2006, Klein et al. 2005, Teubner et al. 
2011, Lepom et al. 2012) 
Zebra mussels, 
Dreissena polymorpha soft tissue 1985-  Limnic Germany (Lepom et al. 2012) 
Sediments  1991  Limnic Germany  
Common mussel, 
Mytilus edulis soft tissue 1985-  Coastal/estuarine North Sea, Baltic Sea 
(Emons et al. 1997, Ostapczuk et al. 1997) 
Brown algae, 
Fucus spp. whole 1982-  Coastal/estuarine North Sea, Baltic Sea 
(Emons et al. 1997, Ostapczuk et al. 1997) 
Herring gull, 
Larus argentatus egg 1988-  Coastal/marine North Sea, Baltic Sea 
(Emons et al. 1997, Esslinger et al. 2011, 
Schroter-Kermani et al. 2005, Klein et al. 2012) 
Eel-pout, Zoarces 
viviparus muscle, liver 1992-  Coastal/marine North Sea, Baltic Sea 
(Hedman et al. 2011, Emons et al. 1997) 
Swedish ESB 
Murre egg, Uria aalge egg 
1968- 
(BS) 
1991- 
(NS) 
 Coastal/marine North Sea (NS), Baltic Sea (BS) 
(Odsjo et al. 1997, Jorundsdottir et al. 2009, 
Lundstedt-Enkel et al. 2006a, Lundstedt-Enkel et 
al. 2005, Lundstedt-Enkel et al. 2006b, Bignert et 
al. 1995) 
Peregrine falcon, 
Falco peregrinus egg 1974-2008  Terrestrial Sweden (Holmstrom et al. 2010) 
Herring, Clupea 
harengus muscle, liver 
1972- 
(BS) 
1980- 
(NS) 
 Coastal/marine North Sea, Baltic Sea 
(Odsjo et al. 1997, Lundstedt-Enkel et al. 2010, 
Lundstedt-Enkel et al. 2006b) 
Cod, Gadus morhua muscle, liver 
1980- 
(BS) 
1979- 
(NS) 
 Coastal/marine North Sea, Baltic Sea (Odsjo et al. 1997) 
Dab, Limanda muscle, liver 1981-  Coastal/marine North Sea (Odsjo et al. 1997)
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limanda 
Flounder, Platichtys 
flesus muscle, liver 1980-  Coastal/marine North Sea 
(Odsjo et al. 1997) 
Blue mussels, Mytilus 
edulis soft tissue 
1987- 
(BS) 
1980- 
(NS) 
 Coastal/marine North Sea, Baltic Sea 
(Odsjo et al. 1997, Lofstrand et al. 2010, 
Malmvarn et al. 2005) 
Perch, Perca fluviatilis muscle, liver 1980-  Coastal/marine Baltic Sea (Odsjo et al. 1997)
Eelpout, Zoarces 
viviparus muscle, liver 
1988- 
(NS) 
1995- 
(BS) 
 Coastal/estuarine North Sea, Baltic Sea (Odsjo et al. 1997, Hedman et al. 2011) 
Grey seal, 
Halichoerus grypus liver 1974-2008  Coastal/marine Baltic Sea 
(Kratzer et al. 2011) 
Canada National Wildlife Specimen Bank 
Herring gull, Larus 
argentatus egg 
1972- 
(Atlantic) 
1974- 
(Great 
Lakes) 
 Coastal/marine Canadian Atlantic, Great Lakes 
(Hebert 1998, Norstrom et al. 2002, Gebbink, 
Hebert and Letcher 2009, Gauthier et al. 2008, 
Burgess et al. 2013) 
Thick-billed murre, 
Uria lomvia egg 
1975- 
(PLI) 
1993- 
(HB) 
 Coastal/marine 
Canadian 
Arctic/Subarctic, 
Prince Leopold Island 
(PLI), Hudson Bay 
(HB) 
(Braune et al. 2001, Braune, Donaldson and 
Hobson 2002, Braune 2007, Butt et al. 2007) 
Northern fulmar, 
Fulmaris glacialis egg 1975-  Coastal/marine 
Canadian Arctic 
(PLI) 
(Braune et al. 2001, Braune 2007, Butt et al. 
2007) 
Black-legged 
kittiwake, Rissa 
tridactyla 
egg 1975-  Coastal/marine Canadian Arctic (PLI) 
(Braune et al. 2001, Braune et al. 2002, Braune 
2007) 
Ivory gulls, Pagohila 
eburnea egg 1976-2004  Coastal/marine 
Canadian Arctic 
(Seymour Island) 
(Braune, Mallory and Gilchrist 2006, Braune et al. 
2007) 
Black guillemot, egg 1993-  Coastal/marine Canadian Arctic Braune, unpublished data 
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Cepphus grylle (PLI) 
Glaucous gull, Larus 
hyperboreus egg 1993-  Coastal/marine 
Canadian Arctic 
(PLI) Braune, unpublished data 
Double-crested 
cormorant, 
Phalacrocorax auritus 
egg 1971-  Coastal/marine British Columbia  
Storm petrel, 
Oceanodroma furcata egg 1971-  Coastal/marine British Columbia (Elliot and Scheuhammer 1997) 
Canada’s National Aquatic Biological Specimen Bank 
Walleye, Sander 
vitreus 
Whole body 
homogenate 
1977 – 
(GL) 
2005 – 
(CAN) 
2719 Limnic Great Lakes (GL) 
Canadian (CAN) 
(Gewurtz et al. 2011, Bhavsar et al. 2010, Monson 
et al. 2011) 
Lake trout, Salvelinus 
namaycush 
Whole body 
homogenate 
1977- 
(GL) 
2005 – 
(CAN) 
12530 Limnic Great Lakes (GL) 
Canadian (CAN) 
(Gewurtz et al. 2012, Martin et al. 2004b, 
Gewurtz et al. 2009, Bhavsar et al. 2010) 
Rainbow smelt, 
Osmerus mordax 
Whole body 
homogenate 1977 - 2926 
Limnic Great Lakes (Weseloh et al. 2011, Tomy et al. 2004) 
Alewife, Alosa 
pseudoharengus 
Whole body 
homogenate 1986 - 806 
Limnic Great Lakes (Tomy et al. 2004, Martin et al. 2004a) 
Slimy sculpin, Cottus 
cognatus 
Whole body 
homogenate 1977 - 1053 
Limnic Great Lakes (Tomy et al. 2004, Martin et al. 2004a) 
Plankton (153µm) Bulk sample 1982 - 1187 Limnic Great Lakes (Tomy et al. 2004, Martin et al. 2004a) 
Mysis diluviana Bulk sample 1981 - 977 Limnic Great Lakes (Tomy et al. 2004, Martin et al. 2004a) 
Diporeia hoyi Bulk sample 1983 - 784 Limnic Great Lakes (Tomy et al. 2004, Martin et al. 2004a)
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Japan es-Bank 
Striped dolphin, 
Stenella coeruleoalba 
blubber, 
muscle, liver, 
kidney 
1978-2007 489 Coastal/marine North Pacific, Japan  
Finless porpoise, 
Neophoceana 
phocaenoides 
blubber, 
muscle, liver 
kidney 
1979-2011 394 Marine China, Hong Kong, Japan  
Pacific white-sided 
dolphin, 
blubber, 
muscle, liver 
kidney 
1980-2011 135 Marine North Pacific, Japan  
Indo-Pacific 
humpback dolphin, 
Sousa chinensis 
blubber, 
muscle, liver 
kidney 
1989-2001 68 Marine India, Bay of Bengal, Hong Kong  
Black-footed 
albatross, Diomedea 
nigripes 
muscle 1998  Marine Pacific Ocean  
Laysan albatross, 
Diomedea immutabilis muscle 1998  Marine Pacific Ocean  
Norther fulmar, 
Fulmarus glacialis muscle 1999  Marine Pacific Ocean  
Black-tailed gull, 
Larus crassirostris muscle 1999  Coastal/marine Japan  
Steller’s sea-eagle, 
Laiaeetus pelagicus muscle 1994  Coastal/marine Japan  
Common cormorant 
Phalacrocorax carbo muscle 2001  Limnic Japan  
Japan Time Capsule Program 
Bivalves soft tissues 1994- > 600 Coastal/marine Japan  
Black-tailed gull, 
Larus crassirostris egg 1983-  Coastal/marine Japan  
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A.7. Challenges and limitations regarding ESBs 
The previous discussion highlights how specimen banks can be a valuable resource to 
investigate Hg and Hg isotopes in the marine environment.  However there are practical 
limitations to the types and scope of research that can be conducted using archived samples.  
Retrospective temporal trend analysis is one of the strengths of ESBs, but the time frame of most 
sample sets is currently limited to several decades.  Further hind-casting of Hg in the 
environment requires the use of alternative methods such as coring or identifying informally but 
suitably stored samples that pre-date ESBs.  For some Hg species and matrices, sample stability 
over century time- scales could be an issue.  There is no data available to inform these concerns, 
but this would probably be most problematic for Hg species in water, sediment, soil, or surrogate 
air samples, and least problematic for tissues such as fish or eggs where Hg and MeHg are more 
strongly bound to proteins.  Hg concentration data from archived samples should include 
moisture content analyses to ensure dehydration of fresh-frozen samples does not induce a 
systematic temporal bias.  Mercury stable isotope fractionation in samples archived for extended 
periods should not be an issue as long as loss of Hg through transpiration or diffusion through 
the sample container does not occur.  Potential isotope fractionation induced by sample 
preparation procedures such as cryo-homogenization and freeze-drying should be evaluated in a 
range of sample types to ensure no measurable artifacts are induced. 
There are also several challenges regarding data interpretation that must be considered 
with studies utilizing ESBs.  In the case of biological samples from indicator species, the validity 
of the data interpretation is only as good as the complementary information and/or assumptions 
regarding the life history, ecology, migratory behavior, and physiology of the organism.  These 
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biological factors influence the spatial and temporal scales which the sample integrates and 
determine whether the Hg measured in the sample reflects the intended environmental 
compartment and time period.  This means that the selection of the indicator species and the 
availability of comprehensive complementary biological data are critical to maintaining 
continuity in long-term sample sets.  This may require including routine measurements of key 
parameters such as carbon and nitrogen stable isotopes, fatty acid profiles, or total protein 
content that inform us of shifts in foraging behavior or nutritional status that could affect Hg 
uptake, metabolism, and deposition/binding in target tissues. 
There are additional limitations to the types of conclusions that can be drawn from 
analysis of ESB samples.  A well-characterized indicator species and comprehensive 
complementary data can provide conclusive evidence that differences in Hg concentrations or Hg 
isotope patterns has occurred in the environment.  However our ability to deduce the cause of the 
observed difference is often limited to inspecting the correlative relationships that we observe 
with other parameters measured in the same sample, or information that is available about the 
study site or other components of the ecosystem from which our sample came.  Robust, multi-
compartmental sampling in an ecosystem is typically too costly and time-consuming to repeat 
year after year.  Therefore in most cases long-term monitoring and banking programs choose 
one, or possibly two, key matrices to represent a given environment.  The benefits of this stream-
lined strategy include the potential for an increased spatial and temporal scope.  However one of 
the costs is that a comprehensive understanding of the processes and interactions that occur are 
more difficult to discern compared to a discrete, intensive ecosystem-based study.  Definitively 
characterizing mechanisms of Hg biogeochemical cycling, or Hg isotope fractionation using 
limited correlative data alone is problematic because of the host of biotic and abiotic covariates 
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that exist.  Intensive ecosystem-based field campaigns, manipulative field experiments, and 
controlled laboratory studies are needed to refine our understanding of Hg cycling and 
fractionation and demonstrate causative relationship between processes and analytical endpoints. 
To address these limitations, ESBs should periodically (every 5 or 10 years) collect and bank a 
more comprehensive suite of samples from representative ecosystems/sites in order to “ground-
truth” the observations made in key indicators species or matrices, and allow for retrospective 
investigation of complex ecosystem interactions. 
Despite this limitation, designing exploratory studies that mine the vast sample archives 
in ESBs can provide invaluable data to investigate relationships between Hg and other 
environmental parameters, and develop and test hypotheses regarding the processes driving these 
trends.  These data can provide a broad context from a variety of systems, and frame the 
objectives of more experimental field and laboratory studies.  Research on Hg stable isotopes is 
fairly new, and therefore this function is particularly important for this field in generating and 
testing cohesive theories and directing future research.  For example, ESBs provide a readily 
available resource of samples to expand the inventory of Hg stable isotope measurements across 
a wide range of sample types and locations to evaluate how broadly prevailing hypotheses are 
supported.  A more robust inventory of Hg isotope data is also very informative for 
characterizing materials for source apportionment and biota that accumulate Hg.  ESBs managers 
should continue to promote their sample archives as a resource for external collaborators, have a 
clearly defined and efficient sample access policy to improve availability for high priority 
research objectives, and explore how complementary sample collections in ESBs worldwide 
could be used to investigate global-scale research questions.  ESBs represent a particularly 
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valuable resource for researchers in the new area of Hg stable isotopes, and should be more fully 
utilized for this purpose.   
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B.1. Foreword 
The research presented in this chapter embodies one of the more traditional and fundamental 
functions of ESBs; biomonitoring of contaminant concentrations in the environment.  This 
chapter exemplifies how ESBs provide geographically robust sample sets to examine large-scale 
spatial patterns of Hg contamination in the marine environment.  A critique is also presented on 
how food web factors can contribute to, and confound, long-term monitoring/banking.  We 
discuss how δ15N values and trophic magnification factors can be used to normalize spatial or 
temporal shifts in trophic level so that Hg concentrations in eggs (or other biota) more truly 
reflect the patterns of contamination in the environment.  These results showed that clear 
differences exist in Hg contamination at the scale of oceanographic basins (Gulf of Alaska, 
Bering Sea, and Chukchi Sea) and that the Norton Sound region has significantly elevated Hg 
concentrations relative to the rest of the Bering Sea.  These findings provide baseline data, 
contribute to our understanding of Hg fate and transport, and represent the first 7 years of data 
for our long-term monitoring program.  This broad survey also provided key information on 
spatial heterogeneity among sites and which seabird species are most effective for 
biomonitoring, which will be used to further optimize the design of STAMP. 
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B.3. Abstract 
Mercury concentration ([Hg]), δ15N, and δ13C values were measured in eggs from common 
murres (Uria aalge), thick-billed murres (U. lomvia), glaucous gulls (Larus hyperboreus), and 
glaucous-winged gulls (L. glaucescens) collected in Alaska from 1999 to 2005.  [Hg] was 
normalized to a common trophic level using egg δ15N values and published Hg trophic 
magnification factors.  Egg [Hg] was higher in murres from Gulf of Alaska, Cook Inlet, and 
Norton Sound regions compared to Bering Sea and Bering Strait regions, independent of trophic 
level.  We believe the Yukon River outflow and terrestrial Hg sources on the southern Seward 
Peninsula are responsible for the elevated [Hg] in Norton Sound eggs.  Normalizing for trophic 
level generally diminished or eliminated differences in [Hg] among taxa, but temporal variability 
was unrelated to trophic level.  Normalizing murre egg [Hg] by trophic level improves the 
confidence in regional comparisons of Hg sources and biogeochemical cycling in Alaska.    
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B.4. Introduction 
Mercury (Hg) is one of the Earth’s most ubiquitously distributed contaminants, and 
exhibits an efficient accumulation in aquatic food webs. Concern about toxicity to humans and 
wildlife has made Hg a high priority for research, monitoring and regulation.  Although 
atmospheric Hg emissions have decreased in western nations over the last several decades, a 
review of temporal studies on Hg in Arctic biota reports stable, increasing, or decreasing trends 
(Riget et al. 2011) .  Sustained Hg levels in the Arctic are largely due to increasing emissions in 
Asian developing nations (AMAP et al. 2010), the global atmospheric transport of Hg, and the 
unique atmospheric chemistry conditions in the Arctic that makes this region a global sink for 
Hg (AMAP 2004). 
Researchers have used environmental matrices ranging from sediments and water to 
mammals and birds for monitoring Hg in the environment.  Each of these matrices has its own 
merits and limitations, but when organisms are used for contaminant monitoring, the potential 
influence of biotic factors on the observed Hg concentration ([Hg]) must be considered.  
Variability in [Hg] induced by confounding biotic factors, such as diet, are unrelated to ambient 
environmental levels and should be eliminated through experimental design or measured and 
accounted for statistically when possible.  Measuring carbon (δ13C) and nitrogen (δ15N) stable 
isotopes in foodweb components can provide the ability to account for differences in [Hg].  Since 
many species are euryphagic or have poorly understood feeding habits, measuring δ15N is often 
the most effective method for estimating the trophic level of an organism.  Numerous food web 
studies have documented positive relationships between [Hg] and trophic level (calculated from 
δ15N values) in a variety of organisms (Campbell et al. 2005, Dietz et al. 2009, Jaegar, Hop and 
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Gabrielson 2009).  This method of calculating trophic level is based on the sequential enrichment 
of 15N by 2.5 ‰ to 5 ‰ at each increasing trophic level (Kelly 2000).  The slope of the linear 
regression between log [Hg] and δ15N (or trophic level calculated from δ15N) provides an 
estimate of the trophic magnification factor (TMF) of Hg as it passes through the food web.  This 
slope has been used to apply a correction factor to the measured [Hg] in organisms that have 
been collected in different years to allow for temporal trend analyses that are independent of 
incidental changes in trophic level (Dietz et al. 2009, Riget et al. 2007).  This approach assumes 
a consistent area-specific baseline δ15N in N primary productivity among years (or 
documentation and correction for any annual changes). 
Measurements of δ13C in biota have been used to differentiate C derived from terrestrial 
and marine sources and, within marine systems, C derived from benthic or pelagic sources 
(Dunton, Weingartner and Carmack 2006, Hobson et al. 2002).  Like δ15N, δ13C values can help 
characterize differences in foraging habits of organisms which may influence their Hg 
accumulation.  Trophic enrichment of 13C is typically minor (≈ 1 ‰) compared to 15N (Michener 
and Schell 1994), but different Hg levels in terrestrial, benthic, pelagic, and oceanic habitats may 
cause variation in baseline sources of Hg at the bottom of food chains.  However, the relative 
degree of Hg contamination and rates of uptake by consumers in these different habitats may not 
be well characterized, and is likely to vary considerably among ecosystems and sites.  As a 
consequence, normalizing to δ13C is typically not feasible, but instead δ13C measurements can be 
generally informative in deciphering potential Hg sources.    
This study presents data from the first 7 years of the Seabird Tissue Archival and 
Monitoring Project (STAMP).  STAMP is an ongoing collaboration between the U.S. Fish and 
Wildlife Service Alaska Maritime National Wildlife Refuge (USFWS-AMNWR) and the 
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National Institute of Standards and Technology (NIST) to study long-term trends and processes 
of persistent bioaccumulative contaminants in Alaska’s marine environments using seabird eggs.  
The U.S. Geological Survey Biological Resources Division (USGS-BRD) and Bureau of Indian 
Affairs-Alaska Regional Subsistence Branch (BIA-ARSB) also participated in this program.  The 
current study represents an expansion of previously reported data on geographic, temporal, and 
species trends in [Hg] in Alaskan seabird eggs.  Measurements of δ13C and δ15N values in eggs 
are used to assess and account for trophic effects, and to investigate the relative sensitivity of the 
detected Hg patterns to changes in seabird foraging behavior.   
B.5. Methods 
B.5.1. Sample collecting and processing 
Eggs from common murres (Uria aalge), thick-billed murres (U. lomvia), glaucous gulls 
(Larus hyperboreus), and glaucous-winged gulls (L. glaucescens) were collected by USFWS 
personnel and subsistence harvesters at colonies throughout the coast of Alaska and processed 
and homogenized using standardized protocols (Figure 1) (Rust et al. 2010).  Egg contents were 
archived in liquid nitrogen vapor-phase freezer (-150 ºC) at the NIST Marine Environmental 
Specimen Bank (Hollings Marine Laboaratory, Charleston, SC) where aliquots were distributed 
for analyses.   
Day et al. (Day et al. 2006) reported [Hg] in eggs from 60 common murres and 27 thick-
billed murres collected at colonies at St. Lazaria, East Amatuli, St. George, Bogoslof, and Little 
Diomede islands from 1999 to 2001 (Figure 1).  These previously reported Hg data are now 
presented with new δ13C and δ15N data, and combined with [Hg], δ13C, and δ15N data for eggs 
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from an additional 83 common murres, 25 thick-billed murres, 12 glaucous-winged gulls, and 9 
glaucous gulls collected from 2002 to 2005 (Table 1).  All [Hg] measurements were made in the 
same lab using the same analytical method.  Individual colonies and years of collection were 
grouped into general regions (defined in Figure 1 and Table 1) for geographic comparisons.  
Glaucous-winged gulls and glaucous gulls are from the same genus, can hybridize with one 
another, and both feed on surface fish, marine invertebrates, birds, and scavenge 
Chapter B. Figure 1.  Seabird colonies where 1999-2005 eggs were obtained and their regional 
groupings.  Each collection event consisted of 5 to 15 clutches.  The total number of eggs 
analyzed for each species is listed in the legend. 
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opportunistically on carrion and garbage (USFWS 2006b, USFWS 2006a).  The ecological 
interchangeability of glaucous-winged gulls and glaucous gulls prompted us to treat them 
collectively as gulls throughout their combined ranges.  The 2002-2005 eggs broaden the 
geographic range to include 15 new colony locations, provide repeat sampling at selected 
colonies, and include additional species (gulls) that are important to subsistence harvesters 
(Figure 1). 
B.5.2. Mercury concentrations 
We measured total Hg concentrations (mass fraction, wet mass) in egg contents using 
isotope dilution cold vapor inductively coupled plasma mass spectrometry (ID-CV-ICPMS).  An 
isotopically enriched 201Hg spike solution (Oak Ridge National Laboratory, Oak Ridge, 
Tennessee, USA) was prepared and calibrated using NIST Standard Reference Material (SRM) 
3133 Hg Standard Solution.  Samples (≈ 0.2 g) were digested and equilibrated in glass vessels 
using a CEM Discover (Matthews, North Carolina, USA) open-focus microwave using a 
decomposition medium of 1 mL high-purity nitric acid (Fisher Scientific, Suwanee, Georgia) and 
0.25 mL hydrogen peroxide (Trace Select, Fluka, Germany).  Digestants were reduced in a gas-
liquid separator (CETAC, Omaha, Nebraska), and transferred as a cold vapor to the VG 
Elemental Plasma Quad 3 ICPMS (Winsford, Cheshire, United Kingdom).  
Each batch included 18 to 25 seabird eggs, one method blank, one digest of NIST SRM 
1947 Lake Michigan Fish Tissue, and one digest of QC04-ERM1 Egg Reference Material.  
QC04-ERM1 is an in-house control material created from pooled murre eggs (Vander Pol et al. 
2007) that has been analyzed repeatedly for [Hg].  The mean and standard deviation of the 16 
measured values of SRM 1947 was 261.1 ng/g ± 5.4 ng/g compared to the certified value of 
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253.5 ng/g ± 5.5 ng/g (± expanded uncertainty).  The mean and standard deviation of the 16 
measured values of QC04-ERM1 was 98.4 ng/g ± 2.9 ng/g compared to the recommended value 
of 100.9 ng/g ± 3.3 ng/g (± expanded uncertainty).  Previous analysis of a subset of eggs for 
MeHg found that > 90 % of the total Hg present was MeHg, therefore the discussion of Hg here 
approximates MeHg (Davis et al. 2002).    
B.5.3. Carbon and nitrogen stable isotopes 
The Environment Canada Stable Isotope Hydrology and Ecology Research Laboratory 
(SIHERL) in Saskatoon, Saskatchewan measured δ13C and δ15N in the egg contents using 
previously described protocols (Hobson et al. 2002).  Briefly, samples were freeze-dried and 
lipids extracted using a 2:1 chloroform:methanol soak and rinse. The filtrate was then dried 
under a fume hood for 24 h before powdering and subsampling for δ13C and δ15N measurements.  
Approximately 1 mg of sample was combusted in tin cups at 1200 oC using continuous-flow isotope 
ratio mass spectrometry (CFIRMS) on a Europa 20:20™ IRMS interfaced with a Robo Prep™ 
combustion system.  Stable isotope ratios are expressed in delta () notation in parts per thousand 
(‰) relative to the Vienna Pee Dee Belemnite (VPDB) or AIR standards for C and N, respectively 
(Hobson, Piatt and Pitocchelli 1994).  Analytical uncertainties were estimated at ± 0.3 ‰ for δ15N 
and ± 0.1 ‰ for δ13C using within-run replicate measurements on albumen standards. The albumen 
standard, manufactured in-house at the SIHERL facility, was calibrated to the International Atomic 
Energy Agency (IAEA) Vienna PDB standard for δ13C and Atmospheric Air for δ15N. 
B.5.4. Trophic magnification factor 
Different sources of inorganic N and nitrification rates create variability in δ15N values in 
primary production in different regions of Alaska (Schell, Barnett and Vinette 1998, Dunton et 
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al. 1989).  Given this information, we used regional δ15N signatures from herbivorous 
zooplankton (a common trophic level) from previously cited studies and the methods described 
in Point et al. (Point et al. 2011) to calculate a regionally adjusted trophic level for seabirds using 
egg δ15N values.  Equation (5) in Dietz et. al (Dietz et al. 2009) used TMFs to correct [Hg] for 
trophic shifts in long-term temporal trend analyses.  A modified version of this linear equation 
was used here to normalize the measured [Hg] in each egg to a common trophic level by using 
the measured trophic level in the egg and the TMF’s from two seabird studies from subarctic 
environments.  Section 3.4/Figure 3A in Jaeger et al. (Jaegar et al. 2009) reported a TMF of 0.48 
from the slope of log [Hg] vs. TL for seabird muscle.  We normalized the measured [Hg] to a 
common trophic level of 3.75 (the grand mean) using this TMF in Equation 1 below: 
  
log [Hg]TLN = log [Hg]RAW + (3.75 – TLEGG) x (TMF)      (1) 
 
where [Hg]TLN is the trophic level normalized [Hg], [Hg]RAW is the measured [Hg], TLEGG is the 
measured trophic level of the seabird egg, and TMF is 0.48.  Table 5 in Campbell et al. 
(Campbell et al. 2005) reported a TMF of 0.155 from the slope of log [Hg] vs. δ15N for seabird 
muscle.  Equation 2 uses this TMF of 0.155 and substitutes δ15NEGG for TLEGG, and normalizes 
the baseline corrected δ15N in each egg to the grand mean of 14.2: 
 
log [Hg]TLN = log [Hg]RAW + (14.2 – δ15NEGG) x (TMF)      (2) 
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The mean of the log [Hg]TLN calculated from Equations 1 and 2 was used as the final [Hg]TLN.  
Agreement between the normalized values calculated from the two equations was good, yielding 
an r2 of 0.98, a slope of 1.1, and a mean difference between each calculated pair of only 3 ng/g.  
This consistency is encouraging evidence that the TMF values from the selected studies were 
appropriate for the current dataset. 
B.5.5. Statistics 
We used commercially available software (SAS Institute, JMP 9.0, Cary, NC) to perform 
statistical tests.  One-way ANOVA and Tukey-Kramer tests were used for species, geographic, 
and temporal comparisons, and linear regressions were used to compare δ13C and δ15N values to 
[Hg].  All [Hg] were log-transformed to better meet the assumptions of ANOVA.  Error bars on 
all figures represent one standard error (standard deviation/n1/2).  
B.6. Results and discussion 
B.6.1. Carbon stable isotopes 
Colony information and δ13C, δ15N, and [Hg] means are presented in Table 1.  The δ13C 
values in the dataset ranged from -26.0 ‰ to -16.4 ‰ with a mean ± standard deviation of -19.7 
‰ ± 1.4 ‰.  There was a statistically significant, but very weak, positive regression between log  
 
Region Colony Species Year n δ13C δ15N TL [Hg]RAW [Hg]TLN 
Chapter B. Table 1. Information on seabird eggs and mean (± SD) values for δ13C, δ15N (not corrected for δ15N baseline),
trophic level (TL), [Hg]RAW (ng/g, wet mass), and [Hg]TLN  (ng/g, wet mass, trophic level normalized).  Region codes are GOA =
Gulf of Alaska, COOK = Cook Inlet, BSEA = Bering Sea, NS = Norton Sound, and BSRT = Bering Strait). 
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[Hg] and δ13C when all regions and taxa were combined (r2 = 0.04, P = 0.004).  No relationships 
were detected between log [Hg] and δ13C within any regions or taxa.  Most studies have failed to 
find strong correlations between δ13C and [Hg] in biological tissues.  This is not surprising, 
because δ13C shows small (≈ 1 ‰) enrichment with each trophic level, and unless marine vs. 
GOA Viesokoi Rock L. glaucescens 2005 3 -19.5 ± 0.8 16.9 ± 3.0 4.3 ± 0.8 122 ± 6 78 ± 68 
GOA St. Lazaria I. U. aalge 1999 10 -18.9 ± 1.0 14.7 ± 0.8 3.8 ± 0.2 207 ± 57 212 ± 97 
GOA St. Lazaria I. U. aalge 2001 10 -19.2 ± 0.9 14.5 ± 0.7 3.7 ± 0.2 150 ± 38 156 ± 36 
GOA St. Lazaria I. U. aalge 2003 10 -18.8 ± 1.3 15.1 ± 0.6 3.9 ± 0.2 174 ± 41 150 ± 34 
GOA St. Lazaria I. U. aalge 2004 8 -18.3 ± 1.5 15.8 ± 1.5 4.1 ± 0.4 218 ± 84 157 ± 72 
GOA St. Lazaria I. U. lomvia 2001 10 -19.1 ± 0.9 14.4 ± 1.1 3.7 ± 0.3 104 ± 39 111 ± 40 
GOA St. Lazaria I. U. lomvia 2002 6 -18.5 ± 0.7 14.3 ± 0.6 3.6 ± 0.2 199 ± 33 225 ± 39 
GOA Middleton I. U. aalge 2003 10 -20.0 ± 0.8 14.7 ± 0.3 3.8 ± 0.1 157 ± 44 154 ± 46 
GOA Middleton I. U. aalge 2004 8 -21.2 ± 1.2 14.4 ± 0.8 3.7 ± 0.2 229 ± 67 244 ± 69 
GOA Middleton I. L. glaucescens 2005 3 -19.9 ± 2.4 17.0 ± 1.4 4.4 ± 0.4 149 ± 73 87 ± 82 
COOK Gull I. U. aalge 2004 8 -19.8 ± 0.9 15.1 ± 0.6 3.9 ± 0.2 131 ± 30 116 ± 44 
COOK Duck I. U. aalge 2004 4 -19.1 ± 1.1 15.3 ± 0.3 3.9 ± 0.1 176 ± 34 141 ± 34 
COOK East Amatuli I. U. aalge 1999 11a -20.4 ± 1.0 13.7 ± 0.7 3.5 ± 0.2 200 ± 76 284 ± 134 
COOK East Amatuli I. U. aalge 2003 10 -19.8 ± 1.0 15.7 ± 2.5 4.0 ± 0.6 114 ± 17 101 ± 68 
BSEA Ualik Lake L. glaucescens 2005 3 -19.7 ± 1.2 18.5 ± 1.5 4.9 ± 0.4 141 ± 77 33 ± 3 
BSEA Shaiak I. L. glaucescens 2005 3 -18.2 ± 0.6 17.8 ± 0.5 4.7 ± 0.1 154 ± 15 49 ± 6 
BSEA Cape Pierce U. aalge 2005 5 -19.5 ± 1.3 15.6 ± 1.9 3.3 ± 0.5 54 ± 34 108 ± 96 
BSEA Bogoslof I. U. aalge 2000 9 -19.8 ± 0.5 12.1 ± 0.8 3.2 ± 0.2 31 ± 14 65 ± 40 
BSEA Bogoslof I. U. aalge 2005 5 -20.5 ± 0.7 12.8 ± 2.6 3.4 ± 0.7 54 ± 48 68 ± 18 
BSEA Bogoslof I. U. lomvia 2000 10 -20.6 ± 0.7 12.3 ± 0.8 3.2 ± 0.2 86 ± 30 169 ± 71 
BSEA St. George I. U. aalge 1999 11a -19.7 ± 1.4 14.3 ± 0.9 3.8 ± 0.2 26 ± 8 24 ± 9 
BSEA St. George I. U. lomvia 2000 7 -23.0 ± 2.2 12.7 ± 0.6 3.4 ± 0.2 37 ± 6 62 ± 17 
BSEA St. George I. U. lomvia 2002 7 -20.3 ± 1.7 13.2 ± 2.8 3.5 ± 0.7 43 ± 25 89 ± 73 
NS Hooper Bay L. hyperboreus 2005 3 -19.2 ± 2.4 16.7 ± 1.1 3.6 ± 0.3 197 ± 69 253 ± 150 
NS Cape Denbigh U. aalge 2005 5 -20.4 ± 0.7 18.6 ± 2.8 4.1 ± 0.7 184 ± 69 241 ± 384 
NS Bluff U. aalge 2005 5 -19.6 ± 1.5 18.5 ± 2.3 4.1 ± 0.6 163 ± 57 176 ± 230 
NS Sledge I. U. aalge 2005 5 -19.8 ± 0.5 19.1 ± 2.3 4.2 ± 0.6 122 ± 42 82 ± 68 
NS Sinuk R. Delta L. hyperboreus 2005 3 -20.3 ± 1.1 16.5 ± 0.7 3.5 ± 0.2 176 ± 31 241 ± 98 
BSRT St. Lawrence I. U. lomvia 2002 6 -18.7 ± 0.9 15.2 ± 0.7 3.2 ± 0.2 40 ± 17 82 ± 41 
BSRT Little Diomede I. U. aalge 1999 9 -19.6 ± 0.9 17.9 ± 1.3 3.9 ± 0.4 53 ± 20 48 ± 36 
BSRT Noatak R. Delta L. hyperboreus 2005 3 -18.9 ± 0.5 18.4 ± 2.5 4.0 ± 0.6 130 ± 50 94 ± 44 
BSRT Cape Lisburne Uria spp 2002 6 -20.1 ± 0.9 16.8 ± 0.9 3.6 ± 0.2 53 ± 16 64 ± 20 
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terrestrial or benthic vs. pelagic Hg inputs to foodwebs are significant factors, δ13C 
measurements will be of minor utility  (Michener and Schell 1994).  
 Egg δ13C values from regions and taxa were compared to inspect differences in C sources.  
The only significant regional difference was a lower δ13C value for thick-billed murres in the Bering 
Sea compared to the Bering Strait region and Gulf of Alaska (Figure 2B).  These Bering Sea 
colonies (St. George and Bogoslof islands) are remote islands located near the edge of the Bering 
Sea shelf break, much closer to deep oceanic waters than colonies in the Bering Strait region and 
Gulf of Alaska where birds nest on or near the mainland.  Depleted δ13C values have also been 
documented in copepods from the southeast Bering Sea (Schell et al. 1998), and in the marine 
environment, pelagic C sources are generally depleted in δ13C relative to benthic sources (Hobson et 
al. 2002).  Significant annual variability in δ13C at individual colonies only occurred at St. George 
Island for thick-billed murres (r2 = 0.35, P = 0.03), and at Middleton Island (r2 = 0.30, P = 0.03) and 
Bogoslof Island (r2 = 0.28, P = 0.05) for common murres, where colonies are located in transitional 
zones closer to oceanic waters.  Because murres can forage up to 170 km from their rookeries 
(Ainley et al. 2002a), birds in transitional zones are within range of prey on the continental shelf 
or from waters more heavily influenced by oceanic gyres, each potentially having their own carbon 
sources.  Therefore the distance and direction of foraging excursions or physical shifts in the C 
distribution between these environments could influence their C uptake.  The only significant 
difference among taxa was also in the Bering Sea region, where thick-billed murre egg δ13C 
values were lower than either common murres or gulls (Figure 2B). 
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Chapter B. Figure 2.  Regional and taxonomic comparison of trophic level (A) and δ13C (B) 
for common murre (COMU), thick-billed murre (TBMU), and glaucous-winged/glaucous 
gull (GULL) eggs (mean ± standard error) across all years.  Different letters within each 
taxon indicate significant differences among regions (ANOVA, P < 0.05).  Different numbers 
within each region indicate significant differences among the taxa (ANOVA, P < 0.05).  
B
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B.6.2. Nitrogen stable isotopes 
Values of δ15N across all data for all species ranged from 10.8 ‰ to 20.6 ‰ with a mean 
± standard deviation of 15.1 ‰ ± 2.2 ‰ (Table 1).  Trophic levels calculated using the baseline 
adjusted δ15N values (see Methods) ranged from 2.4 ‰ to 5.3 ‰ with a mean ± standard 
deviation of 3.7 ‰ ± 0.5 ‰.  Trophic levels varied regionally for each of the seabird taxa.  
Common murres fed at a significantly lower trophic level in the Bering Sea than all other 
regions, and thick-billed murres also fed at a lower trophic level in the Bering Sea compared to 
the Gulf of Alaska (Figure 2A).  This is consistent with previous reports suggesting murres tend 
to feed more heavily on invertebrates in the southern Bering Sea (Coyle et al. 1992).  In contrast, 
gulls fed at the highest trophic level in the Bering Sea and the lowest in Norton Sound (Figure 
2A).   
Gulls have a more diverse diet and often feed at higher trophic levels than murres, 
primarily because they prey on other birds, including murres (Gilchrist 2001, Hayward and 
Verbeek 2008).  Both murre species are deep-diving fish eaters, common murres forage almost 
exclusively on fish, while thick-bills often take invertebrates as well.  The overall data supported 
this; gulls occupied the highest trophic level, and common murres foraged higher than thick-
billed murres (Figure 2A).  The exception to this overall trend was within Norton Sound, where 
gulls occupied a significantly lower trophic position than common murres.  It should also be 
noted that common murres fed at a significantly higher trophic level than thick-billed murres 
only in the Bering Strait region, where these species were collected from different locations and 
years.  At St. Lazaria (2001) and Bogoslof islands (2000) when common and thick-billed murres 
were collected during the same year their trophic positions were nearly identical (Table 1). 
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The annual abundance and availability of prey species in Alaska’s marine systems may 
vary due to natural biological and environmental factors.  Murres have been shown to adapt to 
this variability, and opportunistically forage on the most available prey (Springer et al. 1986).  
This flexibility in prey selection could lead to annual differences in trophic level, and hence Hg 
exposure.  However, significant temporal differences only occurred for common murres from 
East Amatuli and St. Lazaria islands, where the maximum differences in mean trophic levels 
between years was ≈ 0.5. 
It should be noted that the accuracy of the seabird trophic levels presented here are 
partially limited by the robustness of the baseline δ15N values available for herbivorous 
zooplankton.  More geographically comprehensive and more frequent sampling of marine 
zooplankton for δ15N analysis would provide better matching with seabird colonies and would 
further improve these data.  This is particularly true for the Norton Sound and Bering Strait 
regions where colonies are located in areas with higher geographic heterogeneity in δ15N values 
in zooplankton (Schell et al. 1998).  The broad relevance of zooplankton δ15N data to ecological 
and contaminant research justifies incorporating these data as a routine component of research 
cruises.      
B.6.3. Hg trophic magnification factor 
The literature is replete with examples of strong relationships between [Hg] and δ15N 
values in biota.  As a result, potential changes in trophic position must be considered when 
comparing temporal, spatial, or taxonomic patterns of Hg contamination.  The efficiency of Hg 
biomagnification from prey to predator is well documented, making correlations with 15N 
enrichment a predictable phenomenon that has physiological and trophic origins that tend to be 
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conserved through different ecosystems.  The ideal scenario for establishing the slope of the [Hg] 
vs δ15N regression (TMF) would be to study a linear food chain in a closed system where Hg 
only enters the food chain at the lowest trophic level.  However, in reality several factors may 
confound this relationship, including 1) if the region or ecosystem being studied has multiple 
baseline sources of MeHg (e.g. differences in benthic or pelagic MeHg bioavailability); 2) 
differences in age, growth rate, and subsequent bioaccumulation history of target species; 3) 
whether [Hg] is reported by wet or dry mass, and as whole body burdens, or in specific tissues 
with different moisture contents and binding affinities for Hg; 4) differences in Hg depuration 
rates among species that subsequently affects bioaccumulation (e.g. Hg excretion by molting 
feathers).  Although some of these factors can be accounted for or avoided by carefully designing 
studies, others are subject to the unknown or unpredictable behavior of the species. 
STAMP is a broad-scale monitoring program with efforts currently distributed over a 
large number of colonies, and focuses exclusively on seabirds.  Overall, the regression between 
log [Hg] and trophic level was statistically significant (r2 = 0.09, P < 0.0001), but extremely 
variable, and had a TMF slope approximately half of what was reported in similar food webs 
(Campbell et al. 2005, Jaegar et al. 2009).  This is not surprising considering the relatively 
narrow range in our seabird trophic levels (most between 3 and 4), and broad distribution of our 
sites across a range of baseline inputs of Hg into local food webs.  Trophic level ranges and 
sample sizes are even smaller within regions or colonies, making calculating a TMF within each 
region even more problematic.  Consequently, our data are not capable of yielding a reliable 
TMF, and instead we used literature values of Hg TMF to normalize [Hg] for trophic level.  
Dietz et al. (Dietz et al. 2009) reviewed published values on Hg TMF and reported similar values 
across a range of ecosystems.  This review included Arctic marine and freshwater systems, a 
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boreal freshwater ecosystem, and a broad range of trophic levels including invertebrates, fish, 
birds, and marine mammals.  We only used TMFs from two studies most similar to ours to 
maximize accuracy and minimize taxa-specific differences in physiology and food web positions 
that may contribute to inconsistencies.  These studies (Campbell et al. 2005, Jaegar et al. 2009) 
focused on subarctic marine ecosystems that included thick-billed murres and glaucous gulls as 
high trophic level species and reported Hg TMF specifically for seabird muscle. 
The TMFs discussed above are the best available values for use with our dataset, but it 
should be noted that any data treatment comes with certain assumptions, limitations, and risks.  
Comparing standard deviations between [Hg]RAW and [Hg]TLN within sample events (Table 1) 
shows that the trophic level adjustment can increase, decrease, or have no effect on the reported 
[Hg] variability within a colony.  At colonies where the standard deviations decreased, δ15N 
appears to have effectively adjusted for foraging differences among individuals.  At colonies 
where variability increased, foraging or physiological factors other than trophic level may be 
contributing to [Hg] or δ15N in eggs.  At many colonies the trophic adjustment had no effect on 
intra-colony variability, which is not surprising since these seabirds often feed in groups on 
common prey.  Regardless of how the trophic adjustment affected intra-colony variability, the 
mean [Hg]TLN for each colony is adjusted to a common trophic level relative to other colonies, 
decreasing the overall inter-colony variability among regions.  Using [Hg]TLN in our dataset 
improves large-scale regional comparisons by correcting for systematic foraging differences 
among basins. 
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B.6.4. Hg concentrations 
B.6.4.1. Geographic patterns 
The [Hg] for collection events for each colony, species, and year are reported in Table 1.  
Previous work reported that both common and thick-billed murre eggs from the Gulf of Alaska 
had higher [Hg] than in the Bering Sea and Bering Strait regions (Day et al. 2006).  However, we 
found that murres in the Bering Sea (common murres and thick-billed murres) and Bering Strait 
regions (thick-billed murres) also exhibited significantly lower trophic levels than other regions 
(Figure 2A), which could explain their lower [Hg].  Geographic comparisons were performed 
using [Hg]RAW and [Hg]TLN to assess the sensitivity of Hg trends to trophic factors (Figure 3).  
Common murres provided the most robust dataset, which included 139 eggs collected from all 5 
regions over the 7 year period.  Our findings supported previously reported geographic trends, 
with higher [Hg]TLN in the Gulf of Alaska common murre eggs than in the Bering Sea and Bering 
Strait regions even after making moderate adjustments for trophic level (Figure 3B).  [Hg]RAW 
and [Hg]TLN in common murres eggs from the Gulf of Alaska and Cook Inlet regions were very 
similar despite these colonies spanning approximately 1000 km of coastline.  This consistency in 
egg [Hg] throughout the Gulf of Alaska shelf waters suggests a large and homogeneous Hg 
regime in the marine food web in this region, possibly reflecting the prevailing Hg levels in the 
Alaska Coastal Current.  
 Thick-billed and common murres exhibited similar geographic trends (Figure 3).  
Although the trophic adjustment for thick-billed murres was slightly greater than for common 
murres, [Hg]TLN was still significantly higher in the Gulf of Alaska than in the Bering Strait 
region, while the Bering Sea shifted to an intermediate position (Figure 3B).  Trophic level 
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appeared to play some role in the geographic differences in [Hg]RAW, but the data suggested that 
the higher basin-wide [Hg]TLN in the Gulf of Alaska and Cook Inlet regions compared to the 
Bering Sea and Bering Strait regions was independent of trophic effects.  This is also supported 
by higher [Hg] in Pacific halibut (Hippoglossus stenolepis) and sablefish (Anoplopoma fimbria) 
from the Gulf of Alaska relative to the Bering Sea (Hall et al. 1976b, Hall, Teeny and Gauglitz 
1976a).  Differences in baseline inputs of Hg or higher methylation rates are probably 
responsible for these trends. 
 Common murre eggs in the coastal embayment of Norton Sound had significantly 
elevated [Hg]RAW compared to those less than 250 km away on St. Lawrence and Little Diomede 
islands in the Bering Strait region.  This pattern persisted in [Hg]TLN despite a substantial 
downward trophic adjustment, and Norton Sound [Hg]TLN was comparable to that in the Gulf of 
Alaska and Cook Inlet regions (Figure 3).  Thick-billed murres are not readily available in 
Norton Sound, but gulls eggs were collected at two colonies here.  [Hg]TLN in these gulls were 
significantly higher than those in the Bering Sea and Gulf of Alaska, while egg [Hg]TLN in the 
Bering Strait region were intermediate.   
The anomalously high [Hg] in Norton Sound relative to other colonies in the Bering Sea 
and Bering Strait regions are believed to be due to the outflow of the Yukon River and smaller 
drainages on the southern side of the Seward Peninsula.  This major drainage contributes ≈ 8 % 
of the total freshwater entering the Arctic Ocean (Aagaard and Carmack 1989) and ≈ 50 % of the 
sediment deposited in Norton Sound (Atlas et al. 1983).  The annual discharge of the Yukon 
River yields 4400 kg of total Hg, which is 3 to 32 times higher than Hg yields reported for 8 
other major northern hemisphere river basins (Schuster et al. 2011).  This information, when 
combined with the east-west gradient in egg [Hg] in Norton Sound, suggests that terrestrial  
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Chapter B. Figure 3.  Regional and taxonomic comparisons of raw Hg concentrations (A) 
and Hg concentrations normalized to a common trophic level (B) for common murre 
(COMU), thick-billed murre (TBMU), glaucous-winged gulls and glaucous gull (GULL) 
eggs (mean ± standard error) across all years.  Different letters within each taxon indicate 
significant differences among regions (ANOVA, P < 0.05).  Different numbers within each 
region indicate significant differences among taxa (ANOVA, P < 0.05). 
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inputs can be important sources of Hg in coastal food webs.  The Yukon River also has a total 
annual export flux of total organic carbon of ≈ 2 x 1012 g (Guo and Macdonald 2006), providing 
a more organically rich environment that is expected to enhance Hg methylation.  It must also be 
noted that the southern coast of the Seward Peninsula near the Norton Sound colonies is also 
naturally enriched in Hg containing cinnabar deposits which contribute to elevated [Hg] in 
sediments in the nearshore environment (Nelson et al. 1975).  These terrestrial Hg inputs and 
potentially enhanced methylation conditions almost certainly contribute to higher egg [Hg] in 
this coastal embayment.    
B.6.4.2. Temporal trends 
One of the primary goals of STAMP is to monitor long-term temporal trends of 
contaminants in the environment.  Although the current dataset includes only the first 7 years of 
data, it provides an opportunity to assess short-term variability of [Hg] in murres at colonies 
where repeat sampling occurred for the same species.  Significant annual variability in [Hg]RAW 
occurred for common murres at Middleton and East Amatuli islands and for thick-billed murres at 
St. Lazaria Island (Figure 4).  [Hg]TLN yielded the same pattern for all colonies, with the exception 
of common murres at St. Lazaria Island, where there was some minor smoothing of the temporal 
variability.  These data suggest that temporal variability in egg [Hg]RAW was not necessarily linked 
to trophic level shifts, and may reflect variability in other factors influencing Hg exposure.  If short-
term temporal variability cannot be consistently normalized using δ15N, then the frequency of 
sampling will be an important consideration in optimizing the statistical power for detecting 
long-term trends.  It should be noted that significant temporal differences occurred at only three 
colonies, and the magnitude of this difference was small relative to geographic differences.  These 
results are inconclusive regarding any sustained upward or downward trend in Hg in these regions 
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due to the short sampling period, but eggs will be collected at index stations in future decades to 
continue monitoring.  Future seabird egg collections from coastal regions such as Norton Sound 
may be useful for monitoring the effects of climate change such as permafrost or glacial melt on Hg 
fluxes to coastal ecosystems (Schuster et al. 2011).   
B.6.4.3. Species comparisons 
Species comparisons were performed using [Hg]RAW and repeated using [Hg]TLN.  Overall, 
thick-billed murres had lower [Hg]RAW than either common murres or gulls, but [Hg]TLN was not 
significantly different among taxa (Figure 3).  Within regions, [Hg]RAW yielded numerous 
significant species differences between common and thick-billed murres and gulls.  The trophic 
level adjustment eliminated most within-region differences in [Hg]TLN between the murre species, 
however Bering Sea thick-billed murre [Hg]TLN remained higher than those in common murres 
(Figure 3).  The overall similarity between [Hg]TLN in thick-billed and common murre eggs 
indicates these congeners integrate environmental Hg contamination in a similar manner, and can be 
substituted for one another where their distributions are allopatric.  Gull egg [Hg]TLN were higher 
than common murre eggs in Norton Sound, and lower than eggs of both murre species in the Gulf of 
Alaska.  Gulls foraging habits are more variable compared to murres, and they also migrate much 
farther from their breeding grounds than murres do.  These behaviours expose gulls to different 
baseline reservoirs of Hg that cannot be accounted for by trophic level, making them much less 
useful than murres for biomonitoring.  Gulls were included in the sampling design largely because 
of their importance in subsistence diets, and may play a minor role in STAMP monitoring efforts in 
the future. 
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Chapter B. Figure 4.  Temporal variability in raw Hg concentrations and Hg concentrations normalized to a common trophic level 
(mean ± standard error) for common murres (COMU) and thick-billed murres (TBMU) eggs from St. George I. (STGE), Bogoslof I. 
(BOGO), Middleton I. (MIDD), East Amatuli I. (EAAM), and St. Lazaria I. (STLA).  An asterisk indicates significant annual differences 
in Hg concentrations (ANOVA, P < 0.05). 
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B.7. Conclusions 
Biomonitoring programs play an integral role in research to assess the condition of natural 
environments and study the processes by which pollutants are transported and cycled.  The 
current data on murres provides the most geographically comprehensive assessment of Hg 
patterns in Alaska’s marine environment available to date.  Murre eggs indicate that marine 
environments in the Gulf of Alaska, Cook Inlet, and Norton Sound have significantly higher Hg 
contamination than the Bering Sea and Bering Strait regions.  Temporal variability in egg [Hg] 
occurred at some colonies, but no consistent trends were observed.  While [Hg] in seabird eggs 
were generally correlated to trophic level, geographic and temporal trends were not explained by 
trophic level alone.  These trends appeared to be due to regional differences in Hg inputs and 
bioavailability in the marine environment that are readily detectable using murre eggs.  Future 
work will investigate whether Hg stable isotope patterns in seabird eggs can discriminate Hg 
source signatures between the Hg-enriched coastal embayment of Norton Sound relative to more 
oceanic systems.   
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C.1. Foreword 
Results from the previous chapter identified elevated Hg concentrations in seabird eggs from the 
Norton Sound region of the Bering Sea.  We hypothesized that this was due to terrestrial/fluvial 
sources of Hg originating from the Yukon River and southern Seward Peninsula drainages.  The 
follow-up study presented in Chapter C tested this source hypothesis by measuring Hg 
concentrations and stable isotopes of Hg, C, and N in archived murre eggs that were collected 
across a gradient extending from the coastal embayment of Norton Sound to oceanic insular 
colonies in the northern Bering Sea.  Signatures of Hg isotope fractionation have been effectively 
used to differentiate anthropogenic sources from ambient Hg over small to medium spatial 
scales.  This study demonstrates that Hg stable isotopes in murre eggs effectively detected a 
large-scale gradient between geogenic Hg in the coastal zone and oceanic/atmospheric reservoirs 
offshore.  These results provide important insight into the utility of Hg isotope fractionation as a 
tool for source apportionment, and shows that samples from ESBs can be used for far more than 
just routine monitoring of contaminant concentrations.  For example, our warming climate is 
expected to cause extensive permafrost melt in the Arctic and a resulting increase in the flux of 
terrestrial Hg into the coastal zone.  Continued measurement of Hg isotopes in ESB archives 
from the Norton Sound region can provide an effective means to assess long-term shifts in the 
relative contributions of terrestrial and oceanic Hg sources to seafood. 
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C.3. Abstract 
Elevated mercury concentrations ([Hg]) were found in Alaskan murre (Uria spp.) eggs from the 
coastal embayment of Norton Sound relative to insular colonies in the northern Bering Sea-
Bering Strait region. Stable isotopes of Hg, carbon, and nitrogen were measured in the eggs to 
investigate the source of this enrichment. Lower δ13C values in Norton Sound eggs (-23.3 ‰ to -
20.0 ‰) relative to eggs from more oceanic colonies (-20.9 ‰ to -18.7 ‰) indicated that a 
significant terrestrial carbon source was associated with the elevated [Hg] in Norton Sound, 
implicating the Yukon River and smaller Seward Peninsula watersheds as the likely Hg source. 
The increasing [Hg] gradient extending inshore was accompanied by strong decreasing gradients 
of δ202Hg and Δ199Hg in eggs, indicating lower degrees of mass-dependent (MDF) and mass-
independent Hg fractionation (MIF) (respectively) in the Norton Sound food web. Negative or 
zero MDF and MIF signatures are typical of geological Hg sources, which suggests murres in 
Norton Sound integrated Hg from a more recent geological origin that has experienced a 
relatively limited extent of aquatic fractionation relative to more oceanic colonies. The 
association of low δ202Hg and Δ199Hg with elevated [Hg] and terrestrial δ13C values suggested 
that Hg stable isotopes in murre eggs effectively differentiated terrestrial/geogenic Hg sources 
from oceanic reservoirs. 
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C.4. Introduction 
The biogeochemical cycling of mercury (Hg) is a complex topic that has great environmental 
and regulatory importance. The relatively new high precision isotope ratio capability of multi-
collector inductively coupled plasma mass spectrometry (MC-ICPMS) has led to a growing Hg 
stable isotope research community that is applying this new tool to address previously difficult to 
answer questions. One area of focus has been on source apportionment, which distinguishes Hg 
from a given source location or source type from ambient Hg. Various geologic and 
environmental matrices have been characterized to inventory the isotope signatures of different 
types of source materials, and document the ranges in Hg isotope ratios observed in these 
materials around the globe [1]. Isotope ratios are reported using delta (δ)  notation, which 
references all measured isotope ratios to a universally used delta standard, and provides a relative 
measure of the degree of Hg mass-dependent fractionation (MDF) [2].  Variation in isotope 
ratios that is unrelated to isotope mass is termed mass-independent fractionation (MIF), reported 
using capital delta (Δ). Host rocks, Hg-bearing minerals, hydrothermal fields, and sediments and 
soils generally exhibit negative to slightly positive MDF and little to no MIF [1], with the 
exception of some soils and peat that were reported to have slightly negative or slightly positive 
MIF [3, 4]. Coal also exhibits negative MDF, and negative to slightly positive MIF [5]. In 
contrast to terrestrial systems, measurements of aquatic biota display distinctly positive MIF, and 
MDF that ranges from negative to positive in freshwater systems [6-10] and have tendencies 
toward more consistently positive values in marine systems [9, 11]. 
Several studies have successfully used isotope signatures to trace Hg sources and fates in the 
environment [3, 12-15]. These studies have typically focused on soils and sediments at scales of 
tens of kilometers in order to assess localized environmental impacts or study fluvial Hg 
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transport. But applying a similar approach on larger scales to help inform regional and global 
assessments is challenging. In part, this is because Hg undergoes many different biotic and 
abiotic reactions that can further fractionate and alter isotope source signatures after Hg enters 
the environment, thereby complicating the use of Hg isotope systems for source tracking. Isotope 
fractionation has been observed in numerous physical, chemical, and biological transformations 
of Hg, including redox reactions (photolysis, microbial, or chemical pathways), 
evaporation/condensation, volatilization, methlyation, and absorption [1]. Photoreduction of Hg 
species is considered to be the most important mechanism responsible for the large MIF that is 
observed in aquatic systems [8]. Although dynamic processes of fractionation are a complicating 
factor for source apportionment, they provide a valuable opportunity to use fractionation patterns 
to trace specific transformations and reactions in the environment and estimate their rates [16]. 
More controlled experimental studies are needed to better characterize the reactions that 
fractionate Hg so these processes can be unraveled from native isotope source signatures. 
Our work focused on Alaskan subarctic and arctic marine environments, where the Seabird 
Tissue Archival and Monitoring Project (STAMP) has been collecting and archiving seabird 
eggs to monitor and research contaminants. Common murres (Uria aalge) and thick-billed 
murres (U. lomvia) have been identified as key bioindicator species in northern environments 
because of their suitable life history characteristics [17]. Murres are deep-diving seabirds that 
forage in the epipelagic and neritic zones of the oceans near their rookeries before nesting. They 
integrate bioavailable Hg over broad spatial scales and deposit this Hg into their eggs. Murres 
have been used successfully to identify geographic and temporal trends of total Hg 
concentrations [Hg] [17, 18] and Hg stable isotope patterns [11]. One particularly interesting 
finding was that eggs from murres in Norton Sound had anomalously high [Hg] relative to other 
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colonies in the Bering Sea and Chukchi Sea [18]. Norton Sound is a large shallow coastal 
embayment in the northeastern Bering Sea just southeast of the Bering Strait. The suspected 
cause of this [Hg] enrichment was higher Hg inputs from the nearby Yukon River and smaller 
Seward Peninsula drainages. This study further investigates the source of the enrichment of [Hg] 
in Norton Sound by measuring [Hg] and stable isotopes of Hg, C, and N in murre eggs from this 
embayment and the surrounding regions.  In addition to the Norton Sound study, several colonies 
broadly distributed throughout Alaska where eggs had previously been collected and measured 
for Hg isotopes [11] were repeated to document the temporal variability of Hg fractionation 
patterns in marine food webs at these locations.      
C.5. Experimental Methods                  
C.5.1. Study Area and Sample Collection   
Eggs from common (n = 25) and thick-billed murres (n = 20) were collected in 2008-2009 at 
seven nesting colonies in Alaska (Figure 1) by Alaska Maritime National Wildlife Refuge 
(AMNWR) biologists and local residents. Eggs from both species are used interchangeably as 
“murre eggs” for geographic comparisons because of their discontinuous distributions. Common 
and thick-billed murres were compared at two locations where they both occur (Figure S1) to 
inspect potential species biases. The study focused on the gradient between the coastal 
embayment of Norton Sound and the oceanic waters of the northern Bering Sea, but eggs from 
two distant colonies in southeast Alaska and the southern Bering Sea were also included to 
establish a broader geographic perspective. Eggs were collected, processed, and banked using 
established STAMP protocols [19]. 
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Chapter C. Figure 1. The seven murre (Uria spp.) colonies where eggs were collected in 2008-
2009 to measure Hg concentrations, and Hg, C, and N stable isotopes. The inset shows the 
Norton Sound and northern Bering Sea study area that was used to investigate coastal to oceanic 
gradients.  
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C.5.2. Mercury Concentrations   
The [Hg] in egg contents were measured at the National Institute of Standards of Technology 
(NIST, Hollings Marine Laboratory, Charleston, South Carolina, USA) using isotope dilution 
cold vapor inductively coupled plasma mass spectrometry (ID-CV-ICPMS). Eggs were 
decomposed via microwave-assisted acid digestion using high-purity nitric acid (Optima, Fisher 
Scientific, Suwanee GA, USA) and hydrogen peroxide (Trace Select, Fluka, Germany). An 
isotopically enriched 201Hg spike solution (Oak Ridge National Laboratory, USA) was calibrated 
using NIST SRM 1641d Mercury in Water Standard Solution and blended quantitatively with the 
sample. Isotope ratios were measured using a VG Elemental Plasma Quad 3 ICPMS (Winsford, 
Cheshire, United Kingdom). Each batch of unknown egg samples contained method blanks, 
mass bias correction samples, and an in-house murre egg reference material (QC04-ERM1). The 
mean (± standard deviation) of 14 measurements of QC04-ERM1 throughout all batches was 98 
ng g-1 ± 2.7 ng g-1 (wet mass) compared to the reference value of 101 ng g-1 ± 3 ng g-1 (wet 
mass). Triplicate analyses of [Hg] in one egg yielded a % relative standard deviation of 0.6 %. 
Measurement of methylmercury (MeHg) in a subset of murre eggs indicated that nearly all Hg 
was present as MeHg, so [Hg] approximates [MeHg] in these samples [20]. 
C.5.3. Mercury Stable Isotopes  
High-precision measurements of Hg isotopes were performed at the Institut Pluridisciplinaire 
de Recherche sur l’Environnement et les Materiaux (IPREM) facility in Pau, France. We 
digested 0.6 g to 1.0 g aliquots of the egg contents in glass vessels using microwave-assisted acid 
digestion (CEM Discover, Matthews NC, USA). Isotopes of Hg, thallium (Tl), and lead (Pb) 
(196Hg 198Hg, 199Hg, 200Hg, 201Hg, 202Hg, 203Tl, 204Hg, 205Tl, 208Pb) were measured using faraday 
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cups (L3, L2, L1, Ax, H1, H2, H3, H4, H5, H6, H7, respectively) on a Nu Plasma multi-collector 
ICPMS (Nu Instruments, Wrexham, United Kingdom). Isotope 208Pb was monitored to estimate 
the 204Pb contribution to the mass 204 signal, but no correction was applied to 204Hg because no 
signal for 208Pb was recorded. Isotope 198Hg was used as the reference for ratio determination of 
all other Hg isotopes. Samples were introduced to the ICP as a Hg0 cold vapor by reduction of 
Hg(II) with SnCl2 in a custom quartz gas liquid separator using an argon gas flow rate of 40 
mL/min. Mass bias was corrected using 205Tl/203Tl ratios and the exponential mass fractionation 
law by simultaneously introducing Tl (NIST SRM 997 Thallium Isotopic solution) in a dry 
aerosol form using a desolvating nebulizer (DSN100, Nu Instruments, Wrexham, United 
Kingdom). Blank subtractions were performed for each mass using the “On Peak Zero” method 
and running a blank solution before each measurement. We used a standard-sample bracketing 
system to calculate δ values (in permil, ‰) relative to the reference standard NIST SRM 3133 
Mercury Spectrometric Solution using the following equation: 
 
 δxxxHg(‰) = [((xxxHg/198Hg)Sample/(xxxHg/198Hg)SRM3133) – 1] * 1000 
 
(xxxHg/198Hg)Sample represents the ratio of each isotope to 198Hg in the sample, and 
(xxxHg/198Hg)SRM3133 represents the average ratio of the two NIST SRM 3133 standards 
bracketing that sample. As a convention [8], we used δ202Hg to report MDF. Mass-independent 
fractionation (MIF) was reported using the capital delta notation (Δ) and was calculated using the 
Blum and Bergquist [2] formulas below: 
 
Δ199Hg(‰) = δ199Hg – (δ202Hg * 0.2520) 
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Δ200Hg(‰) = δ200Hg – (δ202Hg * 0.5024) 
Δ201Hg(‰) = δ201Hg – (δ202Hg * 0.7520) 
 
The ΔxxxHg notation describes the difference between measured δxxxHg and the theoretically 
predicted δxxxHg using MDF laws. As a convention, we used the most abundant odd isotope 
(Δ199Hg) to report MIF. Analytical samples were run with [Hg] between 0.25 ng g-1 and 1.5 ng g-
1 (0.25 V to 2.0 V for 202Hg) and bracketing standards and samples were diluted to match signals 
within 10 %.  
Analytical batches of murre eggs consisted of five eggs, one sample of UM-Almaden 
intercomparison Hg Standard, and one sample of either the matrix-matched QC-04ERM01 
Murre Eggs or NIST SRM 1947 Lake Michigan Fish Tissue.  UM-Almaden is a widely reported 
secondary standard used to assess inter-laboratory results for Hg isotope measurements, and 
measured results agreed with previously published values (Table S1).  There are currently no 
certified biological reference materials available for matrix-matched method validation of Hg 
isotope measurements. As a result, the absolute accuracy of Hg stable isotope measurements in a 
given matrix is currently difficult to definitively confirm. Nonetheless, our data are deemed to be 
suitable for reporting relative trends in order to investigate environmental processes.  To further 
validate our measurements we measured QC-04ERM01 and SRM 1947 and compared the results 
to previously reported values from other laboratories. Our measured values (± 2 standard 
deviations) for QC-04ERM01 and SRM 1947 overlapped with previously reported values (Table 
S1), supporting the validity of the analytical methodology in a biological tissue.  Measurement 
repeatability across all batches was similar for UM-Almaden and the two biological reference 
materials.  Complex biological samples can induce matrix effects influencing fractionation when 
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the matrix is present at a high enough concentration to impair the efficiency of cold vapor 
generation.  To confirm that matrix-induced fractionation bias was not an issue, we ran QC-
04ERM01 repeatedly (n = 13) across a range of dilutions equivalent to the dilutions we used for 
murre egg samples (70 x to 400 x; [Hg] from 0.25 ng g-1 to 1.5 ng g-1). No systematic bias was 
detected in MDF or MIF, confirming that matrix-induced fractionation differences between 
samples did not affect murre egg trends (Table S1). These 13 measurements of QC-04ERM01 
also established the analytical uncertainties (2 SD) for single measurements of δ199Hg, δ200Hg, 
δ201Hg, δ202Hg, δ204Hg, Δ199Hg, Δ201Hg in each murre egg (Table S1, S2). No systematic bias 
was detected for SRM 1947 across the range of dilutions used for this material (250 x to 1000 x; 
[Hg] from 0.25 ng g-1 to 1.0 ng g-1).  
C.5.4. Carbon and Nitrogen Stable Isotopes 
Aliquots of egg samples were sent to the Environment Canada Stable Isotope Hydrology and 
Ecology Research Laboratory (SIHERL) in Saskatoon, Saskatchewan for stable carbon (C) and 
nitrogen (N) isotope analyses using methods previously described by Hobson et al. [21]. Samples 
were freeze-dried, lipids were removed, and ≈ 1 mg of the resulting powder was combusted at 1200 
°C using continuous-flow isotope ratio mass spectrometry (CFIRMS) on a Europa 20:20TM isotope 
ratio mass spectrometer (IRMS) interfaced with a Robo Prep TM combustion system. The ratios 
(13C/12C and 15N/14N) were expressed in delta () notation relative to the International Atomic 
Energy Agency (IAEA) Vienna Pee Dee Belemnite (VPDB) or Atmospheric Air (AIR) standards 
for C and N, respectively [22]. Analytical uncertainties were estimated at ± 0.6 ‰ for δ15N and ± 
0.2 ‰ for δ13C (± 2 standard deviations) using within-run replicate measurements on albumen 
standards. The albumen standard, manufactured in-house at the SIHERL facility, was calibrated to 
IAEA VPDB and AIR standards for δ13C and δ15N, respectively. 
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C.5.5. Statistics  
Statistical tests were run using commercially available software (SAS, JMP 9, Cary, NC, 
USA). One-way analysis of variances (ANOVAs) were employed to identify large-scale regional 
differences among [Hg], δ202Hg, Δ199Hg, δ15N, and δ13C, and pair-wise comparisons were made 
using Tukey-Kramer post-hoc tests at the P < 0.05 significance level. Linear or quadratic 
regressions were used to evaluate individual relationships between [Hg], δ202Hg, Δ199Hg, δ15N, 
and δ13C for the coastal to oceanic gradient. Error bars on all figures represent one standard error 
(standard deviation/n1/2). 
C.6. Results and Discussion 
Individual measurements of [Hg], Hg stable isotopes, δ15N, and δ13C in murre eggs are 
reported in Table S2. For all eggs (n = 45), ranges and means (±  1 standard deviation) for [Hg], 
δ202Hg, and Δ199Hg  were 12 ng g-1 to 236 ng g-1 and 100 ng g-1 ± 55 ng g-1, 0.26 ‰ to 1.18 ‰ 
and 0.69 ‰ ± 0.25 ‰, 0.5 ‰ to 1.41 ‰ and 0.88 ‰ ± 0.28 ‰, respectively. δ15N values ranged 
from 11.5 ‰ to 19.2 ‰ with a mean of 15.6 ‰ ± 2.5 ‰, and δ13C ranged from -23.3 ‰ to -17.2 
‰ with a mean of -20.4 ‰ ± 1.4 ‰. Mean RSDs within each colony sampling event (n = 5) for 
[Hg], δ202Hg, Δ199Hg, δ15N, and δ13C were 31.7 %, 23.6 %, 11.5 %, 3.0 %, and 3.6 %, 
respectively. All of the murre eggs displayed substantial positive δxxxHg for all measured 
isotopes, and substantial positive ΔxxxHg for all measured odd isotopes. Measured δ200Hg values 
conformed to the predicted δ200Hg theoretical mass dependent fractionation line. However 
measured δ199Hg values deviated from the δ199Hg theoretical mass-dependent fractionation line, 
indicating MIF (Δ199Hg) for odd isotopes was present in the eggs (Figure 2). The Δ199Hg values 
were in good agreement with recently published data from murre eggs collected from three of the 
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same colonies (St. Lazaria, St. George, and St. Lawrence islands) collected from 1999 to 2002 
[11]. Measured δ202Hg values were also highly consistent with previously reported data at St. 
Lazaria I., but exhibited more variability at St. George and St. Lawrence islands. Overall this was 
encouraging, because it demonstrated that Hg isotope patterns in murre eggs are indicative of 
conditions in these marine environments that are fairly consistent annually, particularly for MIF. 
The external precision of δ202Hg measurements in QC-04ERM01 was approximately twice as 
high as for Δ199Hg, suggesting higher analytical uncertainty may contribute to the overall higher 
variability in MDF.  
 
 
 
Chapter C. Figure 2.  Measured δ202Hg plotted against δ200Hg (closed symbols and line) and 
δ199Hg (open symbols and line) for individual murre (Uria spp.) eggs coded by colony location.  
Lines represent the theoretical δxxxHg calculated based on MDF laws.  Even isotopes (202Hg and 
200Hg) conformed to the predicted theoretical fractionation line, while odd isotopes (199Hg) 
deviated from this line (Δ199Hg), indicating MIF in these samples.  The degree of MDF and MIF 
varied geographically (summarized in Figures 3-4).  
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C.6.1. Large-Scale Regional Patterns  
Geographic patterns of Δ199Hg in eggs were characterized by high Δ199Hg at southern colonies 
relative to northern colonies. This large-scale latitudinal trend in MIF is consistent with results 
from Point et al. [11], who attributed this pattern to sea ice impeding the photochemical 
fractionation of Hg in surface waters. Geographic patterns in δ202Hg were more variable, both 
within and among regions (Figures 2-3, Figure 4A). Initially, we grouped colonies into four 
regions (Gulf of Alaska, southern Bering Sea, northern Bering Sea, and Norton Sound,) to 
summarize data on [Hg], δ202Hg, Δ199Hg, δ15N, and δ13C and establish a broader geographic 
context for the Norton Sound-northern Bering Sea study area. Egg [Hg] was highest in the Gulf 
of Alaska and Norton Sound, followed by the southern Bering Sea and northern Bering Sea (one-
way ANOVA, P < 0.0001; Figure 3A). This confirmed earlier findings that [Hg] is elevated in 
Norton Sound relative to other Bering Sea colonies [18]. Norton Sound eggs also exhibited the 
lowest δ202Hg and Δ199Hg, highest δ15N, and low δ13C values (Figure 3B-E). Low δ13C values 
suggested Norton Sound has more terrestrial-fluvial C sources (e.g., the Yukon River) compared 
to the marine-dominated colonies offshore, and provide an excellent opportunity to explore the 
patterns of Hg stable isotopes. The distant southern colonies in the Gulf of Alaska and the 
southern Bering Sea displayed their own individual patterns of [Hg], δ202Hg, Δ199Hg, δ15N, and 
δ13C that reflected their different oceanographic regimes (see Supporting Information for 
additional results and discussion). 
C.6.2. Gradient between Norton Sound and Oceanic Northern Bering Sea 
Six colonies were chosen to study the environmental gradient between Norton Sound and the 
northern Bering Sea. Cape Denbigh and Bluff are located within Norton Sound, which is a 
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shallow (< 30 m) nearshore embayment receiving freshwater inputs from the Yukon River and 
other smaller rivers.  Typical bottom salinities are from 21 to 34 ppt, and the predominant current 
flow is west along the southern Seward Peninsula [23, 24]. Sledge Island is near the northwest 
entrance of Norton Sound where these waters become entrained in the warm northward flowing 
Alaska Coastal Current [25].  Little Diomede Island is in the Bering Strait where the Alaska 
Coastal Current mixes with cold oceanic, nutrient-rich Anadyr Current waters [26].  Finally, two 
colonies are located at St. Lawrence Island, which lies about 200 km offshore adjacent to the 
Anadyr Current (Figure 1, inset).  Based on the geographic distribution of these colonies, and 
anecdotal or systematic observations of the distances and directions of murre foraging excursions 
at these locations [27], negligible overlap is expected in murre ranges except for the two colonies 
at St. Lawrence Island.  [Hg], MIF, MDF, δ15N, and δ13C all displayed strong gradients running 
from within Norton Sound westward toward the oceanic environment of the northern Bering Sea 
(Figure 2-4, Figure S1). The following sections explore the relationships between these 
variables, and discuss the implications for the role of trophic effects, in situ Hg fractionation, and 
different Hg source signatures on the observed MIF and MDF trends.  
C.6.3. Trophic-Related Fractionation?  
We found a significant negative relationship between δ202Hg and δ15N in the Norton Sound-
northern Bering Sea study area (Figure S4C) that appears to be driven mainly by the oceanic and 
Norton Sound end members.  This negative relationship is contrary to positive correlations 
reported between δ202Hg and δ15N (or trophic level) by several other studies on aquatic food 
webs  [7, 8, 10] that hypothesized there may be in vivo processes inducing Hg MDF, including 
one study on Alaskan murre eggs [11]. We also found a strong negative relationship between 
Δ199Hg and δ15N (Figure S4D). Most published evidence indicates that MIF is not related to 
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Chapter C. Figure 3. Large-scale 
regional trends of Hg 
concentrations, MDF (δ202Hg), 
MIF (Δ199Hg), δ15N, and δ13C in 
murre (Uria spp.) eggs from the 
Gulf of Alaska (GOA), southern 
Bering Sea (SBS), Norton Sound 
(NS), and northern Bering Sea 
(NBS). Bar represent means ± 
standard error.  Different letters 
indicate significant differences 
based on 1-way ANOVA and 
Tukey tests (P < 0.05). 
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trophic processes [7, 8, 10, 11]. One exception was a study by Das et al. [28] that found an 
increase in MIF from zooplankton to top predators in a lake food web, which is also contrary to 
the direction of our relationship between Δ199Hg and δ15N. 
The evidence suggests that the negative relationships we observed between δ202Hg and δ15N 
and Δ199Hg and δ15N were incidental to the mixing of two different N and Hg isotope regimes, 
and that direct trophic enrichment of light Hg isotopes was not the causative factor. Our Norton 
Sound-northern Bering Sea study area extends through both coastal and oceanic environments, 
where turbidity, sea-ice cover, dissolved organic carbon (DOC), and different sources of Hg may 
all contribute to variations in both Hg fractionation and Hg isotope source signatures prior to 
entering the food web. MDF and MIF can be induced by photoreduction of inorganic Hg (iHg) 
or MeHg [8], and MDF is induced by many other reactions, including changes in state, valency, 
complexity and covalent bonding, and may be enhanced or altered by organic interactions [29]. 
Schell et al. [30] reported that δ15N values in copepods around the Seward Peninsula (the 
northern coast of Norton Sound) were 2 ‰ to 4 ‰ higher than the remainder of the northern 
Bering Sea, suggesting higher δ15N in primary producers.  The strong gradient in δ13C (which is 
relatively insensitive to trophic enrichment) we observed across this area also suggests that 
baseline shifts in δ15N are the primary driver for the δ15N pattern, not trophic effects. The spatial 
resolution of published copepod δ15N data in and around Norton Sound was not adequate to 
calculate an accurate baseline-adjusted trophic level for each colony. However the available 
information suggests that the relationships between δ15N and MDF or MIF in the current data are 
not causal. 
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Chapter C. Figure 4. Relationships between MDF or MIF, and [Hg] or δ13C in murre (Uria 
spp.) eggs from the coastal embayment of Norton Sound to oceanic colonies in the northern 
Bering Sea. (Cape Denbigh = RED, Bluff = ORANGE, Sledge I. = YELLOW, Little Diomede I. 
= GREEN, St. Lawrence I. = BLUE).  Best fit curves and significance are based on linear (A,B) 
or quadratic (C,D,E) regressions, and markers show colony means ± 1 standard error (n = 5).    
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C.6.4. In Situ Hg Isotope Fractionation?   
Murre eggs exhibited strong gradients of low Δ199Hg and δ202Hg values within Norton Sound 
and progressively higher Δ199Hg and δ202Hg values at more oceanic colonies (Figure 2, Figure 
4A). If trophic fractionation cannot explain these trends (as argued above), then different patterns 
of in situ Hg fractionation or Hg isotope source signatures must be considered. Hg fractionation 
can result from any of the reactions listed above, and reactions rates may vary depending on  
environmental conditions. While many processes are known to induce Hg MDF, photoreduction 
is thought to be the primary mechanism responsible for MIF in aquatic and atmospheric 
reservoirs [8-11]. The environmental covariates that are most likely to alter photoreductive MIF 
rates include irradiance, DOC, and turbidity. Lower irradiance is an unlikely explanation for the 
lower MIF in Norton Sound because colonies here are at the same latitude as (or south of) 
colonies in the northern Bering Sea, and sea ice typically dissipates in Norton Sound before it 
does at either St. Lawrence or Little Diomede islands [31]. Therefore the Point et al. [11] 
hypothesis that seasonal sea ice inhibits photoreduction and results in lower MIF in murre eggs 
from northern colonies does not explain the lower Δ199Hg in this coastal embayment.    
Higher turbidity in Norton Sound could decrease light penetration and inhibit photoreductive 
MIF relative to oceanic colonies. This explanation was provided by Senn et al. [9] in a Gulf of 
Mexico study that reported that coastal fish species caught in waters influenced by the 
Mississippi River plume had significantly lower Δ199Hg and δ202Hg values relative to offshore 
species.  While higher turbidity in coastal waters should inhibit photoreduction, corresponding 
increases in DOC would have the opposite effect.  Laboratory photoreduction experiments have 
shown that iHg and MeHg incubated at higher levels of DOC experienced a higher degree of 
MIF [8]. There is considerable evidence that DOC levels are higher in Norton Sound than in the 
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oceanic waters of the northern Bering Sea.  Fluvial inputs in the Arctic are known to enrich 
coastal waters with DOC [32], and in the Bering Sea DOC and salinity are inversely related, with 
higher DOC in inner shelf waters than in outer shelf waters [33]. Sediment studies in several of 
Alaska’s major river basins and oceanic environments showed that total n-alkane levels in 
Norton Sound are higher than in the southeastern Bering Sea, the northwestern Bering Sea, the 
Gulf of Alaska, and Cook Inlet [34]. This is undoubtedly due to the annual flux of 2 x 1012 g of 
total organic carbon from the Yukon River [35], which peaks during spring snowmelt [36].  
Therefore, assuming all other conditions equal, higher DOC levels in this coastal embayment 
would enhance MIF relative to offshore colonies, which was contrary to our findings.  There 
appears to be conflicting evidence on the importance of organic-mediated photoreduction in the 
MIF patterns observed in our study area. Further work is needed to address how varying forms 
and concentrations of DOC influence Hg fractionation under DOC, irradiance, and Hg conditions 
commonly found in natural environments [37]. 
C.6.5. Terrestrial/Geogenic Hg Isotope Source Signature.  
The reactivity of Hg in the environment ensures that some degree of Hg fractionation will 
occur throughout aquatic and atmospheric reservoirs. Under steady-state conditions, 
fractionation patterns would presumably reach some equilibria, and isotopic patterns would 
reflect the dominant fractionation processes that prevail within and between compartments. 
Conversely, where isotopically distinct Hg sources are newly released into the environment from 
geogenic or industrial sources, Hg isotope patterns may more strongly reflect the transition of 
isotope signatures between source and background. Norton Sound during the spring melt is a 
dynamic environment that is strongly influenced by terrestrial processes, and nesting murres 
provide an excellent way to investigate Hg isotope patterns here relative to more oceanic 
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colonies.  Most studies linking Hg fractionation patterns in the environment to isotope source 
signatures have study areas of 10 km to 100 km, and have typically focused on anthropogenic Hg 
sources [3, 12-14, 38, 39]. In contrast, our study area encompasses nearly 85,000 km2 of the 
Norton Sound and northern Bering Sea regions that integrates a broad spectrum of large-scale 
oceanic and fluvial processes that includes both natural and anthropogenic (e.g. mining) 
components.  
The east-west gradient we found in [Hg], δ202Hg, and Δ199Hg was accompanied by lower δ13C 
values within Norton Sound (Figure 4D-F). Delipidized murre eggs with δ13C values less than -
20 ‰ were deemed to indicate freshwater/terrestrial inputs of C to murre diets [40-42]. This 
suggested that a terrestrial C source exists for murres from Norton Sound where [Hg] was the 
highest, and that the Yukon River and other smaller drainages on the south side of the Seward 
Peninsula are the source of this difference in water chemistry. The Yukon River alone 
contributes about 8 % of the total freshwater entering the Arctic Ocean [43], and it is also the 
source of about 50 % of Norton Sound’s sediments [44]. The annual discharge from the Yukon 
River drainage also contains about 4400 kg of total Hg [45], making it the largest single source 
of Hg for the coastal marine environment in this region. It should also be noted that there are 
natural lode and placer deposits of Hg-rich cinnabar near the Bluff colony in Norton Sound [46], 
and nearshore sediments along this shoreline have enriched [Hg] relative to offshore sediments 
[47]. The existence of localized geogenic sources of Hg and a long history of mining may 
explain why [Hg] and MIF are comparable at Bluff and Cape Denbigh despite the fact that δ13C 
values at Bluff indicate less influence from the Yukon River.  The elevated [Hg] in Norton 
Sound eggs gradually tapered off toward more oceanic colonies. Eggs from Sledge Island near 
the northwest entrance to Norton Sound had lower [Hg], similar to those found at Little Diomede 
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Island (Figure 4B-D), which is downstream in the Alaska Coastal Current that entrains much of 
the Yukon River advection. St. Lawrence Island eggs exhibited a significant decrease in [Hg] 
relative to other colonies. Foraging areas used by murres here consist of an oceanic system to the 
northwest that is largely isolated from more coastal water masses. This information provides 
compelling evidence that terrestrial geogenic sources are responsible for the elevated [Hg] in 
murre eggs from Norton Sound.  
Plotting δ13C against [Hg], δ202Hg, and Δ199Hg demonstrated there were strong relationships 
between [Hg] and both MDF and MIF across the range of terrestrial to oceanic δ13C values 
(Figure 4D-F). This strongly suggests that the Hg isotope gradient is a progression between 
terrestrial geogenic and marine Hg isotope signatures. One would expect oceanic reservoirs of 
Hg to be well-mixed, and “old” in the sense that there has been extensive time for various 
reactions that induce Hg fractionation to occur. A review of the literature revealed that 
fractionation in marine biota typically has a “heavy” isotope signature (i.e., positive δ202Hg) [9, 
11], while studies of lake and coastal environments have reported both positive and negative 
δ202Hg values [7, 8, 10]. Δ199Hg values in aquatic systems almost invariably exhibit positive 
anomalies [7-11]. In contrast, Hg isotope patterns reported in terrestrial geologic samples such as 
cinnabar, ores, rocks, and geothermal deposits characteristically display negative δ202Hg values 
ranging as low as -4 ‰ and Δ199Hg values close to zero [48-50]. Most sediments also have 
negative δ202Hg values and negative to slightly positive Δ199Hg values [5, 51]. 
The characteristically negative or zero delta values that are found in many terrestrial geological 
samples support our contention that elevated [Hg] and lower δ202Hg and Δ199Hg values in the 
Norton Sound murre eggs are indicative of a terrestrial geogenic Hg source signature. It appears 
that erosion in the Yukon River drainage and some of the smaller watersheds entering Norton 
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Sound supply newly mobilized Hg to the embayment’s water column and sediments. When this 
terrestrially derived Hg enters aquatic systems, it is in a more reactive environment and becomes 
available for photoreduction and other fractionation mechanisms prior to entering the food web. 
Norton Sound waters eventually mix with the Alaska Coastal Current and are advected 
northward through the Bering Strait, where the “high Hg concentration-low Hg fractionation” 
source signature mixes with the “low Hg concentration-high Hg fractionation” oceanic Hg 
reservoir. Murre eggs at the various colony locations integrate the bioavailable fraction of Hg 
that has been assimilated by biota across this gradient.  Future studies should isotopically 
characterize terrestrial and oceanic end-members (e.g. Yukon River particulates) in order to 
better assess mixing and fractionation between and within these reservoirs and their food webs. 
This would allow more accurate determination of the relative importance of oceanic/atmospheric 
reservoirs versus terrestrial sources to the bioaccumulation of Hg in Alaskan seafood. This tool 
could also be used to monitor changes in fluvial inputs of Hg into coastal ecosystems resulting 
from melting permafrost.  
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C.10. Supporting Information:   Mercury Stable Isotopes in Seabird Eggs 
Reflect a Gradient from Terrestrial Geogenic to Oceanic Mercury Reservoirs. 
C.10.1. Common versus Thick-billed Murres  
Common and thick-billed murres are deep-diving fish-eating seabirds with circumpolar 
distributions. These closely related species are physiologically and ecologically similar, and both 
are capable of exploiting marine environments up to 170 km from their nesting colonies [1]. 
However, common murres tend to feed closer to shore and at shallower depths compared to 
thick-billed murres, and thick-bills typically take more benthic fish and invertebrates than 
commons do [2-9]. Both of these species may nest at some colonies, but at other colony locations 
only one species or the other is available for collection. Given this information, we compared 
common and thick-billed murre eggs from two colonies where they nest together (St. Lawrence 
and St. Lazaria islands) to compare how interchangeable they were as biointegrators of Hg in 
their local marine environments. Total Hg concentrations ([Hg]) did not differ significantly at St. 
Lazaria Island (ANOVA on log Hg), but at St. Lawrence Island common murre [Hg] was 
slightly higher than [Hg] in thick-billed murres (P = 0.05; Figure S1). However, this difference 
was small relative to the geographic variability throughout the study area (Figure 2). 
Furthermore, isotope fractionation patterns for δ202Hg and Δ199Hg, and δ15N and δ13C values did 
not differ between species at either colony (P > 0.218; Figure S2). These data indicated these 
species reflect similar patterns in local Hg, so we treated these birds as “murres” for geographic 
comparisons that include both species. 
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C.10.2. Large-Scale Regional Trends 
When regional means were compared, no significant relationships were found between [Hg], 
δ202Hg, Δ199Hg, δ13C, and δ15N (linear regression, P > 0.17), with the exception of a significant  
 
 
 
 
 
positive regression between δ202Hg and δ13C (Figure S3, r2 = 0.99, P = 0.007). The large 
geographic area included in these analyses and the concomitant decoupling of sources and 
fractionation of Hg, N, and C apparently confounded most of the relationships we observed when 
data were limited in geographic extent to the Norton Sound/northern Bering Sea focus area (see 
main text).   
Chapter C. Figure S1. Hg concentrations in common murres (Uria aalge, COMU) 
and thick-billed murres (U. lomvia, TBMU) at two colonies. No difference was 
found at St. Lazaria Island (P = 0.31) and the difference was marginally significant 
at St. Lawrence Island (P = 0.05). Bars indicate mean ± standard error and results 
are based on a one-way ANOVA.  
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The strong positive correlation between δ202Hg and δ13C that persisted across these broadly 
distributed and diverse regions was interesting, but the implications are not clear. Interpreting 
this same correlation was fairly straightforward in the case of Norton Sound because the gradient 
in δ13C, [Hg], and δ202Hg was attributable to the terrestrially-derived C and Hg from the Yukon 
River and other watersheds (see main text). However, the colony sampled in the southern Bering  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sea (St. George Island) is near the edge of the Bering Sea shelf-break ≈ 500 km from the 
mainland, and had comparably low egg δ13C and δ202Hg values. In marine systems that are not 
heavily influenced by terrestrial C sources, factors such as nutrient supply, dissolved carbon 
Chapter C. Figure S2. Isotopic patterns in common murres (Uria aalge, COMU) and thick-billed 
murres (U. lomvia, TBMU) from St. Lawrence Island and St. Lazaria Island. No differences were 
found between species at either colony (P > 0.218). Bars indicate mean ± standard error and results 
are based on a one-way ANOVA. 
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dioxide concentrations, and phytoplankton growth rates may all affect δ13C values [10].  For 
example, highly pelagic systems exhibit low δ13C values relative to those with benthic coupling 
[11], as reported in zooplankton in the pelagic Bering Sea [10].  
The reason for the low δ202Hg in eggs from St. George Island is less clear. Low-turbidity, ice-
free oceanic water near St. George Island should be conducive to high rates of Hg 
photoreduction and the associated MDF and MIF.  This expectation is consistent with the high 
degree of MIF we observed at this colony (Figure 3C), but the δ202Hg values in St. George Island 
eggs indicated a low degree of MDF relative to other oceanic colonies. One possible explanation 
for the relationship between δ13C and δ202Hg could be that similar factors affect the uptake of C 
and Hg by primary producers.  Phytoplankton accumulate MeHg from the water through the 
passive diffusion of uncharged MeHg chloride complexes through their cell membranes [12]. 
Experimental and modeling data showed the rate of MeHg accumulation in phytoplankton is 
affected by cell size and growth rate, and it was hypothesized that differences in phytoplankton 
species composition and food web structure could significantly affect the concentrations of 
MeHg in fish (and presumably piscivorous predators like seabirds). The passive diffusion of 
MeHg into phytoplankton should favor lighter Hg isotopes, just as intracellular Zn in a marine 
diatom was found to be isotopically lighter than extracellular Zn [13]. This means that factors 
such as cell size and growth rate that affect phytoplankton δ13C values could also affect the MDF 
of MeHg that enters the food web through phytoplankton uptake. The hypothesis that 
fractionation processes for Hg and C may be linked needs to be experimentally tested to assess 
its validity.                
It should also be noted that murre eggs from St. George Island had the lowest δ15N values of 
all regions.  This is consistent with published δ15N data from this location from murre eggs 
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collected in 2002 [14], and evidence that invertebrates play a larger role in murre diets in this 
region [15]. In light of trophic enrichment of δ202Hg that has been previously reported [16-18], 
the lower MDF in eggs from the SBS could be related to the lower trophic position of murres 
here, as suggested by Point et al. [14]. However we found no consistent relationship between 
δ202Hg and δ15N throughout all regions, so our data do not support this association. 
 
 
 
 
 
 
C.10.4. Slope of Δ199Hg versus Δ201Hg 
Bergquist and Blum [16] found that MeHg and inorganic Hg (iHg) subjected to photoreduction 
yielded slopes for Δ199Hg versus Δ201Hg of 1.3 ± 0.01 (standard error) and 1.0 ± 0.01 (standard 
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Chapter C. Figure S3.  Linear regression between δ202Hg and δ13C for murre 
eggs across the entire study area (◊ = Norton Sound, ○ = southern Bering Sea, 
□ = northern Bering Sea, Δ = Gulf of Alaska). Markers represent regional 
means ± 1 standard error.
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error), respectively. These slopes have subsequently been used to infer mechanisms of 
fractionation (magnetic isotope effect) and the chemical species of Hg undergoing 
photoreduction (MeHg vs. iHg) in a variety of environmental studies [14, 16-24]. Point et al. 
[14] reported that this slope was 1.33 ± 0.06 for Alaskan murre eggs, inferring photoreduction of 
MeHg was the predominant MIF mechanism. The overall slope in our dataset was 1.09 ± 0.04 
(standard error) (r2 = 0.95, P < 0.0001), in between the experimentally derived slopes of 1.3 and 
1.0.  This slope is consistent with MIF from photoreduction but is inconclusive whether this is 
derived from photoreduction of iHg or MeHg (Figure S5). Excluding the Norton Sound region 
that was not sampled by Point et al. [14] does not substantially change the slope (1.07 ± 0.06; r2 
= 0.91, P < 0.0001). The broad range of abiotic and biotic conditions and Hg isotope source 
signatures that exist across the 1000’s of km in this study may complicate using the Δ199Hg 
/Δ201Hg slope for this purpose. We calculated individual slopes for each colony to explore 
possible changes in the Δ199Hg /Δ201Hg slope based on localized sources of organic matter and/or 
photochemical conditions.  Common murres at Bluff exhibited the only highly significant 
regression (r2 = 0.995, P = 0.0001, slope = 1.12), while common murres at Sledge Island (r2 = 
0.75, P = 0.056, slope = 0.79) and St. Lawrence Island (r2 = 0.74, P = 0.062, slope = 1.0) had 
regressions that were nearly significant.  Plotting Δ199Hg versus Δ201Hg for eggs collected from a 
single colony yielded poor fits because the small intra-colony variability in MIF did not provide 
a large enough range relative to the measurement uncertainty to obtain a reliable slope.  The 
average range in Δ201Hg within a colony was only 0.18 ‰, and the measurement uncertainty for 
Δ201Hg reported (Figure S5) from repeat measurements of QC-04ERM01 (n = 13) was ± 0.1 ‰ 
(2 SD).  The low variability of MIF in murre eggs from the same colony makes this species ideal 
for comparing locations, but not ideal for establishing site specific Δ199Hg /Δ201Hg slopes for 
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these marine ecosystems.  It should also be cautioned that the results in Bergquist and Blum [16] 
are for a discrete set of experimental conditions.  As noted by Bergquist and Blum and others 
[25, 26], different irradiance, types of DOC, and relative concentrations of Hg and DOC under 
natural conditions will likely influence Δ199Hg /Δ201Hg ratios. Given our current level of 
understanding of Hg fractionation in the environment, and the small ranges in MIF values 
relative to the analytical uncertainty, inferring which species of Hg is fractionating using these 
data would be too speculative.       
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 Chapter C. Figure S4. Gradient in the relationship of δ15N to δ13C, [Hg], MDF and MIF for 
murre (Uria spp.) eggs from colonies (mean ± 1 standard error) from Norton Sound to the 
northern Bering Sea. (Cape Denbigh = RED, Bluff = ORANGE, Sledge I. = YELLOW, Little 
Diomede I. = GREEN, St. Lawrence I. = BLUE). 
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Chapter C. Figure S5.  Linear regression between Δ199Hg and Δ201Hg for murre (Uria spp.) 
eggs across all colonies.  The standard error of the slope = 0.04. QC04-ERM1 Murre Egg 
Control Material was included to graphically illustrate repeatability (n = 13), but was not used 
in the calculation of the slope.  Dashed lines represent the experimentally derived slopes by 
Bergquist and Blum [9] for MeHg (1.3) and iHg (1.0) photoreduction. 
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Chapter C. Table S1. Quality control sample values compared to previously reported measurements (all values are reported relative to NIST 
SRM 3133 Mercury Standard Solution). Data were obtained by running the samples concurrently with unknowns and reference materials and 
reported as mean ± 2 standard deviations. Four digests of in-house QC-04ERM01 Murre Egg Control Material and 5 digests of NIST SRM 1947 
Lake Michigan Fish Tissue were prepared. Samples sizes reflect analytical repeats prepared from digests and stock solutions. Additional quality 
control samples were run before and after the batches containing murre eggs (7 aliquots of QC-04ERM01, 5 aliquots of SRM 1947, and 15 
aliquots of UM-Almaden). 
Reference 
Material 
Hg 
(ng g-1)  N 
δ199Hg 
(‰) 
δ200Hg 
(‰) 
δ201Hg 
(‰) 
δ202Hg 
(‰) 
δ204Hg 
(‰) 
Δ199Hg 
(‰) 
Δ201Hg 
(‰) 
IntercomparisonHg Standard (UM-Almaden) 
Blum and Bergquist, 2007 22-25 
-0.14 
±0.06 
-0.27 
±0.04 
-0.44 
±0.07 
-0.54 
±0.08 
-0.83 
±0.11 
-0.01 
±0.02 
-0.04 
±0.04 
Measured 28 -0.13 ±0.13 
-0.26 
±0.15 
-0.42 
±0.17 
-0.52 
±0.20 
-0.78 
±0.29 
0.00 
±0.12 
-0.03 
±0.09 
SRM 1947 Lake Michigan 
Fish Tissue 
254 ± 5 
Point et al. 2010 9 5.23 ±0.29 
0.60 
±0.19 
4.65 
±0.44 
0.99 
±0.28 N/A 
4.97 
±0.25 
3.89 
±0.29 
Measured 11 5.61 ±0.15 
0.73    
±0.13 
5.05 
±0.19 
1.22 
±0.21 
1.73 
±0.38 
5.30 
±0.13 
4.13 
±0.08 
Hg ng g-1for each 
analytical batch 
 
0.25 2 5.74 5.66 
0.75  
0.79       
5.13 
5.20 
1.33 
1.37 
1.75 
2.22 
5.40  
5.31 
4.12  
4.17 
0.5 2 5.52 5.66 
0.65  
0.84 
5.03 
5.17 
1.14 
1.33 
1.60 
1.87 
5.23  
5.32 
4.17  
4.16 
1.0 7 5.59 ±0.13 
0.71 
±0.10 
5.00 
±0.13 
1.19 
±0.18 
1.66 
±0.19 
5.29 
±0.13 
4.11 
±0.08 
QC-04ERM01Murre Egg 
Control Material 
101 ± 3 
Point et al. 2010 7 1.50 ±0.17 
0.55 
±0.24 
1.78 
±0.18 
0.97 
±0.26 N/A 
1.25 
±0.11 
1.05 
±0.10 
Measured 13 1.59 ±0.12 
0.60 
±0.14 
1.92 
±0.16 
1.09 
±0.24 
1.52  
±0.44 
1.31  
±0.11 
1.10  
±0.10 
Hg ng g-1 for each 
analytical batch 
 
0.25 2 1.58 1.55 
0.61  
0.66 
1.87  
2.01 
1.19  
1.30 
1.51  
1.95 
1.27  
1.22 
0.97  
1.03 
0.5 1 1.54 0.60 2.01 1.17 1.72 1.25 1.13 
1.0 6 1.57 ±0.13 
0.55 
±0.13 
1.86 
±0.12 
0.99 
±0.15 
1.35 
±0.35 
1.31 
±0.10 
1.11 
±0.04 
1.25 2 1.64 1.64 
0.70  
0.69 
2.02  
2.03 
1.20  
1.21 
1.70  
1.63 
1.34  
1.33 
1.11  
1.12 
1.5 2 1.67 1.60 
0.64  
0.61 
1.96 
1.94 
1.08 
1.09 
1.49 
1.58 
1.40  
1.32 
1.15  
1.11 
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Chapter C. Table S2. Measurements of Hg concentrations and stable isotopes of Hg, C, and N for common murre (Uria aalge, 
COMU) and thick-billed murre (U. lomvia, TMBU) eggs collected in at seven nesting colonies in four regions of Alaska in 2008 and 
2009 (STLA = St. Lazaria I., DIOM = Little Diomede I., STLW = St. Lawrence I., SLED = Sledge I., BLUF = Bluff, STGE = St. 
George I., CDEN = Cape Denbigh) across 4 regions (GOA = Gulf of Alaska, SBS = southern Bering Sea, NBS = northern Bering Sea, 
NS = Norton Sound).  Repeated measurements were performed on matrix-matched reference materials to approximate the analytical 
uncertainties of these methods. The 2 standard deviation values for δ15N, δ13C, and [Hg] were 0.6 ‰, 0.2 ‰, and 5.4 ng g-1, 
respectively.  The 2 standard deviation values for Hg isotope measurements are in Table S1 above.    
EGG ID Species Colony Region Year δ
15N 
(‰) 
δ13C 
(‰) 
Hg 
(ng g-1) 
δ199Hg 
(‰) 
δ200Hg 
(‰) 
δ201Hg 
(‰) 
δ202Hg 
(‰) 
δ204Hg 
(‰) 
Δ199Hg 
(‰) 
Δ201Hg 
(‰) 
1234 COMU STLA GOA 2008 14.3 -18.7 205 1.56 0.55 1.89 1.02 1.45 1.30 1.13 
1235 COMU STLA GOA 2008 13.8 -19.3 113 1.52 0.51 1.62 0.85 1.12 1.30 0.98 
1236 COMU STLA GOA 2008 15.1 -17.2 153 1.47 0.55 1.70 0.90 1.25 1.25 1.02 
1238 COMU STLA GOA 2008 14.5 -19.5 236 1.53 0.64 1.90 1.18 1.73 1.23 1.01 
1240 COMU STLA GOA 2008 14.6 -19.3 183 1.31 0.39 1.57 0.75 1.03 1.12 1.00 
1242 TBMU STLA GOA 2008 13.3 -19.1 158 1.47 0.51 1.69 0.84 1.24 1.25 1.06 
1243 TBMU STLA GOA 2008 15.1 -19.6 190 1.58 0.49 1.77 0.84 1.07 1.36 1.14 
1244 TBMU STLA GOA 2008 13.3 -19.4 76 1.62 0.54 1.84 0.84 1.07 1.41 1.21 
1245 TBMU STLA GOA 2008 14.9 -18.8 166 1.47 0.61 1.88 0.98 1.41 1.23 1.14 
1246 TBMU STLA GOA 2008 14.3 -19.8 135 1.52 0.56 1.82 0.99 1.36 1.27 1.07 
1321 TBMU STGE SBS 2008 12.2 -21.1 56 1.4 0.40 1.41 0.54 0.72 1.27 1.01 
1331 TBMU STGE SBS 2008 12.3 -20.6 55 1.24 0.29 1.21 0.43 0.43 1.13 0.88 
1333 TBMU STGE SBS 2008 11.5 -23.1 91 1.14 0.25 1.22 0.39 0.56 1.04 0.92 
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1334 TBMU STGE SBS 2008 11.5 -23.1 192 1.3 0.50 1.52 0.82 1.01 1.10 0.91 
1335 TBMU STGE SBS 2008 11.9 -20.5 67 1.33 0.26 1.30 0.42 0.55 1.22 0.98 
1250 TBMU DIOM NBS 2008 17.1 -20.5 75 0.84 0.31 1.01 0.62 0.93 0.68 0.54 
1256 TBMU DIOM NBS 2008 17.4 -19.6 56 0.82 0.23 0.98 0.49 0.68 0.70 0.61 
1257 TBMU DIOM NBS 2008 16.9 -20.2 75 1.05 0.56 1.44 1.10 1.58 0.77 0.61 
1260 TBMU DIOM NBS 2008 17.3 -20.1 97 0.72 0.29 0.90 0.53 0.84 0.58 0.50 
1261 TBMU DIOM NBS 2008 17.0 -20.8 69 0.90 0.32 1.01 0.59 0.85 0.75 0.56 
1265 COMU STLW NBS 2008 13.6 -20.5 69 0.97 0.28 1.12 0.62 0.77 0.81 0.65 
1266 COMU STLW NBS 2008 12.9 -20.9 36 1.10 0.33 1.17 0.61 0.73 0.95 0.70 
1267 COMU STLW NBS 2008 15.1 -18.7 68 1.03 0.50 1.36 0.95 1.32 0.78 0.64 
1268 COMU STLW NBS 2008 12.8 -20.0 40 1.01 0.40 1.14 0.69 0.88 0.84 0.61 
1275 COMU STLW NBS 2008 15.0 -19.4 49 0.89 0.37 1.06 0.76 1.07 0.70 0.49 
1278 TBMU STLW NBS 2008 13.3 -19.1 31 0.94 0.18 0.89 0.32 0.68 0.86 0.64 
1279 TBMU STLW NBS 2008 13.3 -19.5 41 1.15 0.74 1.69 1.15 1.63 0.86 0.83 
1281 TBMU STLW NBS 2008 13.6 -20.9 36 1.07 0.54 1.60 1.05 1.57 0.80 0.81 
1284 TBMU STLW NBS 2008 13.5 -20.0 31 1.04 0.44 1.45 1.08 1.49 0.76 0.64 
1287 TBMU STLW NBS 2008 13.4 -19.0 12 1.30 0.48 1.48 0.91 1.25 1.07 0.79 
1292 COMU SLED NS 2008 17.9 -20.4 71 0.94 0.50 1.31 0.85 1.13 0.72 0.67 
1295 COMU SLED NS 2008 18.4 -20.3 92 0.73 0.44 0.93 0.61 1.01 0.58 0.47 
1301 COMU SLED NS 2008 17.8 -20.9 102 0.96 0.38 1.13 0.70 1.09 0.78 0.61 
1303 COMU SLED NS 2008 18.1 -20.3 58 0.73 0.40 1.06 0.74 1.06 0.54 0.51 
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1305 COMU SLED NS 2008 18.6 -19.8 52 0.63 0.36 0.72 0.51 0.76 0.50 0.33 
1307 COMU BLUF NS 2008 19.1 -21.0 143 0.63 0.17 0.61 0.26 0.32 0.56 0.41 
1309 COMU BLUF NS 2008 18.7 -21.9 136 0.79 0.28 0.88 0.48 0.68 0.67 0.52 
1314 COMU BLUF NS 2008 19.2 -20.0 144 0.63 0.29 0.70 0.45 0.65 0.51 0.36 
1319 COMU BLUF NS 2008 18.8 -21.6 82 0.88 0.25 0.85 0.33 0.46 0.79 0.61 
1320 COMU BLUF NS 2008 19.2 -20.9 112 0.59 0.16 0.59 0.28 0.44 0.52 0.38 
1443 COMU CDEN NS 2009 18.3 -23.2 156 0.69 0.32 0.90 0.59 0.95 0.54 0.45 
1446 COMU CDEN NS 2009 18.0 -23.3 92 0.79 0.25 0.89 0.51 0.74 0.66 0.51 
1448 COMU CDEN NS 2009 18.1 -23.3 100 0.77 0.24 0.82 0.45 0.59 0.65 0.48 
1449 COMU CDEN NS 2009 18.5 -22.2 122 0.71 0.30 0.87 0.55 0.80 0.57 0.46 
1452 COMU CDEN NS 2009 18.6 -21.9 189 0.68 0.27 0.85 0.47 0.69 0.56 0.49 
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CHAPTER D:  Investigating Biogeochemical Processes using 
Mercury Isotope Fractionation in Specimen Bank Samples 
 
 
D.1. Foreword 
The final chapter in this dissertation also involved measuring Hg stable isotopes in murre eggs 
from the NIST MESB.  However this study had a broader focus that used samples that spanned 
different climatological zones and oceanographic basins.  While source apportionment is a useful 
and effective application of Hg isotope patterns, the isotope source signatures begin to change 
through further fractionation after they are released into the environment.  Therefore 
observations that are far removed in time and space from sources are more indicative of the 
equilibria conditions created by the fractionation reactions which transform and cycle Hg species 
through various environmental compartments.  One of the most important of these reactions is 
the photodegradation/photoreduction of methylmercury/mercury that mediates the evasion of Hg 
from the surface oceans to the atmosphere.  This reaction has been shown experimentally to 
impart a distinct MIF signature.  Our murre eggs exhibit a strong latitudinal gradient in MIF 
which correlates strongly with the prevalence of seasonal sea ice in Arctic waters.  These 
findings indicate that sea ice strongly inhibits Hg photodegradation and evasion.  Therefore 
continued sea ice loss will result in an increase in these processes that may be monitoring and 
quantified using mercury MIF values in northern surface waters as reflected in murre eggs.  This 
study demonstrates that archived samples in ESBs can also provide insight into the 
biogeochemical cycling of Hg.     
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D.3. Abstract 
Atmospheric deposition of mercury to remote areas has increased threefold since pre-industrial 
times. Mercury deposition is particularly pronounced in the Arctic. Following deposition to 
surface oceans and sea ice, mercury can be converted into methylmercury, a biologically 
accessible form of the toxin, which biomagnifies along the marine food chain. Mass-independent 
fractionation of mercury isotopes accompanies the photochemical breakdown of methylmercury 
to less bioavailable forms in surface waters. Here we examine the isotopic composition of 
mercury in seabird eggs collected from colonies in the North Pacific Ocean, the Bering Sea and 
the western Arctic Ocean, to determine geographical variations in methylmercury breakdown at 
northern latitudes. We find evidence for mass-independent fractionation of mercury isotopes. 
The degree of mass-independent fractionation declines with latitude. Foraging behaviour and 
geographic variations in mercury sources and solar radiation fluxes were unable to explain the 
latitudinal gradient. However, mass-independent fractionation was negatively correlated with 
sea-ice cover. We conclude that sea-ice cover impedes the photochemical breakdown of 
methylmercury in surface waters, and suggest that further loss of Arctic sea this century will 
accelerate sunlight-induced breakdown of methylmercury in northern surface waters.  
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D.4. Introduction 
Mercury (Hg) deposition to remote environments has increased by a factor of 3 ± 1 since 
pre-industrial times1. Mercury levels are often enhanced in northern marine wildlife species2,4, 
posing a health risk for the people who regularly consume these subsistence resources5. The view 
that the Arctic is a sink for Hg emerged with the discovery of atmospheric Hg depletion events 
that occur after polar sunrise6. Once deposited, a fraction of Hg is re-emitted back to the 
atmosphere7,8 and a remaining fraction can be methylated to produce neurotoxic methylmercury9 
(MeHg). This organic form of Hg can be biomagnified and its concentration in top predators is 
influenced by ecological processes, including the length and structure of the food webs10,11. 
Whereas a cascade of processes might link global atmospheric Hg emissions to Hg 
concentrations in Arctic biota, the contrasting spatiotemporal trends that show an increase in Hg 
concentrations in biota in the Canadian Arctic west of Greenland and a decrease east of 
Greenland and around Iceland12 cannot be explained solely by net atmospheric Hg deposition. 
Different Hg sources and/or climate change effects on Hg biogeochemistry and food web 
structures have been suggested as possible alternative factors underlying these trends7,13. Our 
incomplete understanding of the coupling that exists between the incorporation of Hg and its 
biomagnification in the food chain and its geochemical cycle has limited our ability to answer 
these questions. 
Our present understanding of the global Hg cycle is based on the spatial and temporal 
variations in concentrations of chemical Hg species. Recent advances in mass spectrometry have 
allowed us to investigate natural variations in the stable isotopic composition of Hg and explore 
a new dimension of information on the biological and physicochemical processes that relate Hg 
sources to sinks14. Virtually all chemical transformations involving Hg, such as photochemistry, 
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abiotic and bacterial reduction, bacterial demethylation, abiotic oxidation, evaporation, 
condensation and human metabolism fractionate Hg isotopes as a function of isotope mass 15,18. 
In addition, photochemical transformations of Hg compounds may induce Hg isotopic variations 
that are independent of isotope mass18,19, a rare phenomenon that has previously been observed 
in natural terrestrial processes only for the elements oxygen and sulphur20,21. Mass-independent 
fractionation (MIF) of MeHg and inorganic mercury (iHg) during aquatic photoreduction 
enriches the residual Hg pool in the odd Hg isotopes18, whereas the evading Hg0 gas becomes 
depleted in the odd Hg isotopes14. Hg MIF signatures in natural samples were first observed as 
excess odd isotope anomalies in freshwater fish and invertebrates18,22. Despite suggestions that 
bacterial Hg methylation or in vivo fish metabolism might cause MIF (refs. 22,23), experiments, 
field observations and theoretical considerations indicate that biochemical MIF is unlikely15,17,24. 
As a result, the uptake of residual aquatic iHg and MeHg after MIF-inducing photoreduction17,18 
remains the most plausible explanation for the biological MIF anomalies. This implies that the 
anomalies found in aquatic food webs provide direct windows into Hg MIF variations in aquatic 
ecosystems. Spatial variations in seabird egg Hg isotopic composition.  
D.5. Spatial variations in seabird egg Hg isotopic composition 
We analysed cryogenically banked common murre (Uria aalge) and thick-billed murre 
(Uria lomvia) eggs from three geographic regions in Alaska (Fig. 1a) for mercury and nitrogen 
isotopes. Murres remain in the northern latitudes year-round and Alaskan  birds winter in the 
Bering Sea and Gulf of Alaska25,27. Gulf of Alaska murres usually winter along the gulf's shelf 
break and in bays and inlets of this region, and begin returning to the region's nesting colonies up 
to six to eight weeks before they lay eggs28,29. Most of the murres nesting in the northern Bering  
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Chapter D. Figure 1. Common and thick-billed murre colony locations and sea-ice conditions at 
the beginning of the 2002 breeding season. a, The colonies include Cape Lisburne (CLIS) in the 
Chukchi Sea; St Lawrence (STLW), St George (STGE) and Bogoslof islands (BOGO) in the 
Bering Sea; and East Amatuli (EAAM) and St Lazaria islands (STLA) in the Gulf of Alaska (see 
Supplementary Table S1). Numbers of samples analysed from the colonies are shown in 
parentheses, and the dashed circles show the maximum 170 km foraging range around them. 
Sea-ice concentrations (%) show the relative amounts of ice in 25 km by 25 km blocks in late 
March 2002. b, Murres breeding at northern latitudes stage and forage in the open lead systems 
shown in the inset pictures. 
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and eastern Chukchi seas winter in and near the southern Bering sea-ice front and also return to 
their respective northern breeding locations well before they lay eggs27. When these birds arrive, 
the waters near their colonies are still covered by ice, and as a result, they stage and forage in the 
open lead systems (Fig. 1b) for several weeks. Murres lay large single eggs that have been 
identified as key tissues for monitoring contaminants, particularly Hg, in northern latitudes 30,32. 
Egg Hg contents (essentially MeHg; refs 31,33) reflect the female's dietary exposure during egg 
formation34. 
The even-mass isotopes 198, 200 and 202 exhibited mass-dependent fractionation (MDF) 
in the egg samples, as illustrated in a δ200Hg vs δ202Hg isotope diagram (Fig. 2a). Odd-mass 
isotopes 199Hg and 201Hg, diagrammed for δ201Hg vs δ202Hg in Fig. 2b (see Supplementary Fig. 
S1a for δ199Hg), show MIF in all the samples. The observed deviation from the MDF line, as 
expressed in Δ201Hg notation35 (Fig. 2c, see Supplementary Fig. S1b for Δ199Hg) shows that 
paired δ202Hg and Δ201Hg clearly separate murres geographically. Noticeably lower average MIF 
values were found above the Arctic Circle in the eastern Chukchi Sea (Δ201Hg of +0.48‰ ± 
0.08‰; mean ± SD, n=5), compared to the southern Bering Sea and Gulf of Alaska (Δ201Hg of 
+0.92‰ ± 0.12‰; mean ± SD, n=12, and +1.00‰ ± 0.09‰; mean ± SD n=24, respectively). 
Murres are capable of foraging as far as 170 km from their nesting colonies(Ainley et al. 2002b)36, but 
our study sites were separated by distances that were greater than this, with the exception of St. 
George and Bogoslof islands (Fig. 1a). This is a strong indication that the trends and differences 
found in MeHg isotopic composition in the murre eggs did not result from overlaps in foraging 
areas, but were more likely related to other factors, including ecological and biogeochemical 
processes, and/or differences in mercury sources.  
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Chapter D. Figure 2. Mercury three-isotope diagrams illustrating variations in mercury MDF 
and MIF in murre eggs. a-c, δ202Hg plotted against δ200Hg (a), δ201Hg (b), and Δ201Hg (c). The 
dashed lines in (a) and (b) represent the theoretically predicted MDF based on the δ202Hg 
values35. Mercury δ199Hg and Δ199Hg information is shown in in Supplementary Fig. S1. The 
dotted lines in (b) and (c) show the regression trends for the birds breeding at northern latitudes 
(eastern Chukchi Sea) and southern latitudes (southern Bering Sea and Gulf of Alaska). The 
uncertainties reported for the samples are the external reproducibility (n=7) of the method used 
for NIST Murre Egg Control Material QC04-ERM1 (± 0.26 ‰, 2, SD for δ202Hg, and 0.10 ‰, 
2, SD for Δ201Hg).  
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Chapter D. Figure 3. Ecological effects on mercury MDF and MIF in murre eggs. a-c, 
Influence of trophic levels (colony mean ± , SD) on (a) Hg concentrations (colony mean ± , 
SD), (b) Hg MDF (δ202Hg, colony mean ± , SD ), and (c) Hg MIF (Δ201Hg, colony mean ± , 
SD) for murre egg sampling events (see supplementary Table S1 and Fig. 1 for details and 
legend). The trophic levels of the eggs were estimated from δ15N measurements made on the 
samples using the method reported by Hobson et al. (1994)39 and corrected for δ15N baseline 
shifts (see Supplementary Method S1). Solid lines show the regression trends for the southern 
Bering Sea and Gulf of Alaska eggs, and dashed lines show the regression trends for all colonies. 
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D.6. Role of seabird foraging ecology and climate 
Murre diets traced by δ15N, and converted to trophic level by normalizing for 
geographical δ15N baselines (see Supplementary Method S1), clearly indicate differences in 
foraging behavior among regions (Fig. 3). Murres nesting at colonies in the southern Bering Sea 
where invertebrates play an important role in their diets37, occupied a lower trophic level than the 
Gulf of Alaska and Chukchi Sea birds, where fish are the primary prey38,39. These differences 
influence Hg exposure and transfer, especially at the more southern colonies where trophic level 
noticeably influenced egg Hg concentrations (Fig. 3a). In contrast, the colonies as a whole 
showed a weaker, but still noticiable trend because of lower Hg levels in the eggs of birds 
nesting at more northern latitudes, particularly birds nesting in the eastern Chukchi Sea (Cape 
Lisburne). This may reflect differences in Hg concentrations in the local food webs or 
differences in food web structure.  
Hg MDF (Fig. 3b) appeared to be particularly sensitive to ecological effects with δ202Hg 
increasing overall by 1.36 ‰ ± 0.35 ‰ (s.e.m.) per trophic level for all colonies (1.56 ‰ ± 0.28 
‰ [s.e.m.] for colonies at more southern latitudes), similar to the findings of other published 
food web studies17,22. Conversely, Hg MIF parameters did not appear to be influenced by 
foraging behavior at the more southern latitudes, or among the colonies as a whole (Fig. 3c). 
This indicates there is a low probability of in vivo biochemical MIF during Hg trophic transfer 
and metabolism events15,17. Moreover, egg Hg MIF tends to decrease with increasing latitude 
(Fig. 4 and Supplmentary Table S1:  Δ201Hg (and Δ199Hg) decreased by 0.43‰ between 54º and 
69º north). Murres nesting at northern latitudes at the eastern Chukchi Sea and northern and 
southern Bering Sea colonies overwinter in the same general region of the southern Bering Sea27. 
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Chapter D. Figure 4. Effect 
of latitude on mercury mass-
independent fractionation. 
Colony mean Δ201Hg  (± , 
SD) for common and thick-
billed murre eggs collected 
at different latitudes in the 
Gulf of Alaska and Bering 
and Chukchi seas (see Fig. 1 
for legend). 
 
 
 
Therefore, the lower egg Hg MIF patterns found in the birds nesting at the northern colonies are 
probably acquired on their breeding grounds. This implies that northern and southern ecosystems 
have distinct Hg MIF (Δ201Hg) signatures. At present it is understood that the substantially 
positive MIF signatures (Δ201Hg reported up to 5‰; ref.18) of marine and freshwater aquatic 
organisms are the result of surface water photochemical iHg and/or MeHg photoreduction, 
followed by uptake and bioaccumulation along the food chain14,17,18,40.  Therefore it is likely that 
the latitudinal MIF gradient may be geochemically controlled by surface ocean photochemistry 
conditions.  However the possibility must be considered that geographic variations in 
atmospheric source MIF signatures are responsible for the latitudinal MIF gradient. The 
atmospheric deposition of Hg in Alaskan marine environments reflects well-mixed northern 
hemispheric Hg emissions. Asian emissions are estimated to represent up to 20% of Alaskan Hg 
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deposition41. Alternatively, modeled contribution estimates of anthropogenic Hg contributions to 
the North Pacific ocean dissolved Hg amount to only 9% (ref. 42). Regional variations in coal 
Hg MIF exist, for example Δ201Hg of 0.04‰ ± 0.16‰, -0.34‰ ± 0.19‰ and -0.13‰ ± 0.12‰  
(mean ± SD) for Chinese, Russian and North American coal respectively43. However, in spite of 
these marked variations in coal Δ201Hg, any latitudinal variations in coal-related Hg deposition in 
northern environments appear too small in magnitude to explain the 0.43‰ gradient found in egg 
Δ201Hg.  
Climatic factors that may potentially influence aquatic Hg photochemistry across the 
latitudinal gradient are radiation fluxes and ice cover. Solar radiation fluxes differ partly because 
of geography and local climate in the western Gulf of Alaska (annual average 111 W/m2), Bering 
Sea (122 W/m2) and eastern Chukchi sea (104 W/m2, ref. 44). Expressing egg Hg MIF against 
the radiation flux for the different colonies does not show a consistent trend, whether using 
radiation flux estimates expressed on an annual basis or on a seasonal basis covering April-June 
(arrival at breeding grounds until most eggs were laid: see supplementary Fig.S4). This indicates 
that solar radiation fluxes might not be the dominant cause of the Hg MIF latitudinal trend. Large 
amounts of ice are still present in the Chukchi and northern Bering seas when murres arrive and 
begin occupying their nesting colonies (Fig. 1), and average egg Hg MIF values are correlated 
with the ice cover (expressed on a % concentration, Fig. 5). Sea ice is a proven barrier to Hg 
exchanges between the oceanic and the atmospheric reservoirs45. We therefore propose that the 
continuous decrease in egg MeHg MIF with increasing latitude predominantly reflects the 
negative feedback of sea-ice concentration on net photochemical degradation of MeHg. 
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Chapter D. Figure 5. 
Influence of sea ice on egg 
mercury mass-independent 
fractionation. Influence of 
2002 sea ice concentrations 
on Hg MIF Δ201Hg (colony 
mean ± , SD) in common 
and thick-billed murre eggs 
(see Fig.1 for legend). 
Seasonal ice concentration 
values represent the three-
month mean condition (± , 
SD) from the start of the 
breeding season in early April 
until the end of the laying 
period in late June. Sea ice 
values for the colonies 
integrate the 170 km foraging 
distance around the nesting 
locations (i.e., the maximum 
foraging range shown by the 
dashed circles in Fig.1a).    
 
 
D.7. Hg Mass-independent fractionation and photochemistry 
The relative magnitude of Δ199Hg and Δ201Hg anomalies may identify the different MIF 
mechanisms involved14. Experimental aquatic iHg and MeHg photo reduction produced 
Δ199/201Hg slopes of 1.00 and 1.36 respectively18. The agreement between this experiment and 
recently reviewed iHg and MeHg MIF anomalies in natural samples that define Δ199/201Hg slopes 
of 1.03 ± 0.03 (s.e.m.) and 1.30 ± 0.02 (s.e.m.) respectively14, indicates that Hg photochemistry 
may be the primary source of these anomalies in the environment. Although complementary iHg 
photoreduction experiments have shown a possible Δ199/201Hg slope variation, we assume iHg 
photoreduction in the natural environment generally follows the observed Δ199/201Hg reference 
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slope of 1.03 (ref. 14). Freshwater and marine fish MeHg contents with Δ199/201Hg of 1.30 are 
therefore thought to originate from aquatic MeHg that has been partly photodegraded14,18,40.  This 
Δ199/201Hg signature is then preserved in the food chain when MeHg is assimilated by primary 
producers and biomagnified up the food chain. Figure 6 shows that Δ201Hg and Δ199Hg for MeHg 
in murre eggs have a regression slope of 1.3 that indicates MeHg photodegradation to be the 
dominant MIF-inducing reaction regardless of the statistical method used (ordinary least squares: 
1.26 ‰ ± 0.06 ‰ (s.e.m.); York regression, taking into account uncertainties in x and y: 1.33 ‰ 
± 0.06 ‰ (s.e.m.)). Recent work on Hg MIF in Arctic snow driven by sunlight was shown to 
induce large negative snow Δ199Hg down to -5.3 ‰ during an atmospheric mercury depletion 
event (AMDE) and subsequent photochemical Hg re-emission at Barrow (Chuckchi Sea shore, 
Alaska, USA; ref. 46). On the assumption that this single AMDE event is representative of 
Arctic snow Hg  photochemistry, and that murre eggs record a potential snowmelt Hg pulse, then 
seasonal sea-ice melting would potentially release Hg with highly negative Δ199Hg to the surface 
ocean. The Δ199/201Hg relation that accompanied snow Hg photoreduction was 1.07 ± 0.04 ‰ 
(s.e.m.; ref. 46). On the basis of our observed murre egg MeHg Δ199/201Hg of 1.3, we suggest that 
net MADE Hg deposition has not greatly impacted MeHg dynamics in the Alaskan marine 
system. Finally, post-emission transformations of Hg in the atmosphere may potentially induce 
MDF and MIF. Gratz and co-workers47 observed positive Hg MIF in wet precipitation, with 
Δ201Hg  ranging from ± 0.04 ‰ to ± 0.52 ‰, and co-located vapour phase Hg with Δ201Hg of -
0.16 to +0:3‰. Although an exact oxidative or reductive atmospheric MIF mechanism could not 
be identified, the overall precipitation/vapour Δ199/201Hg of 0.89 ± 0.21 ‰ (s.e.m.) is different 
from our observations. 
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Chapter D. Figure 6. Odd 
isotope anomalies in Δ201Hg vs. 
Δ199Hg space. The solid and 
dashed lines show the 
Δ199/201Hg slopes associated 
with natural iHg and MeHg 
photoreduction respectively, 
based on experiments19 and a 
literature survey15. The 
uncertainties reported for the 
samples are the external 
reproducibility (n=7) of the 
method used for NIST murre 
egg control materialQC04-
ERM1 (± 0.11, 2, SD for 
Δ199Hg, and 0.10 ‰, 2, SD 
for Δ201Hg; see Supplementary 
Table 2b).          
 
 
 
 
D.8. Anticipated effects of climate change on the Arctic Hg cycle 
The magnitude of MeHg MIF in murre eggs can potentially be used as a proxy for sea-ice 
cover (see Supplementary Fig. S5). In addition, photochemical MeHg degradation can be 
quantified from the observed egg MeHg Δ201Hg and Δ199Hg by applying extrapolated MeHg 
photoreduction MIF fractionation factors to marine MeHg/DOC ratios (see Supplementary 
Method S2). Translating latitudinal MeHg MIF variations into MeHg degradation results in an 
approximate degradation increase from 8% to 16% when moving from the 90% ice-covered 
Cape Lisburne colony towards the 0% ice-covered Gulf of Alaska colonies. This indicates that 
the anticipated disappearance of Arctic sea ice in the 21st century might lead to a net increase in 
photochemical MeHg degradation by ~8 % (with an associated 50% uncertainty, see 
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Supplementary Method S2). In other words, an additional 4 % - 12 % of the bioavailable marine 
MeHg pool might photodegrade in the absence of sea ice. Although this potential outcome is 
only a preliminary finding, it can still be used to estimate a first order of magnitude effect of 
climate change on a key abiotic process in the Arctic Hg cycle. 
Our suggestion that marine MeHg MIF varies with ice cover provides the basis for using 
Hg MIF as a tracer for both ice cover and surface ocean photochemistry, and this tracer can be 
used on both recent and geological time scales. As the presence and melting of ice influences 
Arctic and sub-Arctic food web productivity, structure, and species movements, warming in the 
Arctic will perturb ecosystems. As a result, MeHg MDF and MeHg MIF can be used to evaluate 
food web structures, and species movements and distribution in relation to ice cover, and this 
may prove to be a useful tool that can be used to help monitor changes in polar ecosystems in 
warming environments.  
D.9. Methods 
D.9.1. Sample collection  
Common and thick-billed murre (U. aalge and U. lomvia) eggs were collected from colonies in 
the Chukchi and Bering seas, and Gulf of Alaska during 1999-2002 (Fig. 1 and Supplementary 
Table S1). Because significant temporal trends for Hg concentrations and isotopic compositions 
were not present in the St. Lazaria eggs over the three sampling years, we pooled the data from 
this Gulf of Alaska nesting location.  All of the egg samples were collected, processed, and 
banked in the Marine Environmental Specimen Bank in Charleston, South Carolina using 
previously described protocols and procedures48.  
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D.9.2. Mercury concentrations  
Total Hg (THg) concentrations (based on wet mass) in egg contents were determined using 
isotope dilution cold vapor inductively coupled plasma mass spectrometry (ID-CV-ICPMS) 31. 
Accuracy was checked against NIST Standard Reference Material SRM 2976 (Mussel Tissue) 
and NIST QC04-ERM01 (Murre Egg Control Material), a perfect matrix-match in-house control 
material. No statistical differences were observed from the certificate values. Reproducibility 
was less than 0.6% difference for the NIST QC04-ERM01 replicates (n=4). 
D.9.3. Mercury stable isotope measurements  
Mercury isotopic compositions are expressed in  notation and reported in parts per thousands 
(‰) deviation from the NIST SRM 3133 standard, which was determined by sample-standard 
bracketing according to the following equation: 
xxxHg (‰) =[((xxxHg/198Hg)Sample / (xxxHg/198Hg)SRM3133)-1]*1000, 
where xxx represents the  mass of each mercury isotope between 199Hg and 202Hg. As a standard 
procedure33, we reported mass dependent fractionation (MDF) with 202Hg. Mass independent 
fractionation (MIF) was reported using “capital delta” notations (∆) calculated as the difference 
between the measured xxx and the theoretically predicted xxx using mass dependent 
fractionation laws. Ranges below 10 ‰ were calculated using the following equations33: 
∆199Hg (‰) =199Hg-(202Hg*0.2520) 
∆200Hg (‰) =200Hg-(202Hg*0.5024) 
∆201Hg (‰) =201Hg-(202Hg*0.7520) 
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Mercury stable isotope measurements were made on a Neptune (Thermo, Manchester, UK) 
multiple collector inductively coupled plasma mass spectrometer (MC-ICP-MS) equipped with a 
continuous flow cold vapor generation system (Perkin Elmer FIAS-400 Hydride Generator, 
Waltham, MS, USA).  About 0.5g of fresh-frozen egg homogenates were completely digested 
with 1.25mL of a 4:1 (v/v) high-purity nitric acid/hydrogen peroxide mixture in Teflon-capped 
35mL glass digestion vessels placed in a closed high pressure microwave system (CEM 
Discover, Matthews, NC; 190C, 280PSI, 15 min). Sample extracts diluted in 5% (v/v) nitric 
acid were mixed in the knotted reactor of the Hydride generator with a 3% (w/v) SnCl2/HCl 
reductant solution at flow rates of 0.5 ml/min and 0.3 ml/min respectively. Instrumental mass 
bias was corrected using a thallium internal standard (NIST SRM 977, 0.12 ml/min, Aridius II 
desolvating nebulizer), the exponential mass fractionation law and standard-sample-standard 
bracketing with NIST SRM 3133. All sample extracts matched the concentrations of the 
bracketing standards within 10%. Typical concentrations ranged between 0.5 ng/g and 2 ng/g 
(0.2 V to 0.8 V) with acquisition times set to 15 minutes for sample series displaying Hg 
concentrations higher than 1 ng/g and 25 minutes for other sample series, leading to homogenous 
counting statistics and precision across the concentration range. Typical blank values (5 pg/g) 
were negligible and below the detection limits of the instrument (<1-2mV). Method performance 
was tested against a murre egg sample spiked with NIST SRM 3133 and no analytical and/or 
matrix artifacts were observed (see Supplementary Table S2a). Method accuracy was tested 
against an Almaden Hg standard distributed by the University of Michigan (J. D. Blum; see 
Supplementary Table S2b). Two biological reference materials consisting of SRM 1947 (Lake 
Michigan Fish Tissue) and QC-04-ERM1 (NIST Murre Egg Control Material) were analyzed 
with reference values and the associated uncertainties are reported in Supplementary Table S2b. 
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Because most of the egg samples cryogenically stored in the Marine Environmental Specimen 
Bank are only available in limited quantities, the samples were only analyzed once, with the 
exception of Egg QC04-ERM1, which had a reproducibility of ± 0.26 ‰ (2σ, SD, n=7) for 
δ202Hg and Δ201Hg ± 0.10 ‰ (2σ, SD, n=7) between batches throughout the course of the 
experiment. 
D.9.4. Nitrogen stable isotope measurements 
δ 15N measurements were performed after lipid removal by continuous-flow isotope ratio mass 
spectrometer (CFIRMS) using methods published elsewhere39. Detailed information onmethod 
performance and the approach used to estimate the trophic levels of the seabirds after making 
corrections for the δ15N regional baseline shifts are presented in the supplementary section (see 
Supplementary Method 1 and Supplementary Table 3).  
D.9.5. Satellite images 
The satellite images were obtained courtesy of the MODIS Rapid Response Project at 
NASA/GSFC. 
D.9.6. Sea ice concentration data 
Sea ice concentration data show the relative amounts of ice in 25 km by 25 km blocks. 
Concentrations are reported as percents: 0% indicates ice is not present and 100 indicates 
complete cover. Data were obtained from SSM/I (ref.49).
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D.12. Supplementary information 
D.12.1. Supplementary Method 1 
D.12.1.1. Nitrogen and carbon stable isotope analyses and measurement 
traceability 
All cryogenic fresh-frozen egg tissue samples were freeze-dried, powdered and treated 
with a 2:1 chloroform:methanol (Reagent grade; VWR Scientific, West Chester, PA,) solution to 
remove lipids. Samples were then dried under a fume hood. Stable-carbon and stable-nitrogen 
isotopes assays were performed on 1mg subsamples of homogenized material by loading into tin 
cups and combusting at 1800C in a Robo-Prep elemental analyzer (Europa, Crewe, England). 
Resultant CO2 and N2 gases were then analyzed using an interfaced Europa 20:20 continuous-
flow isotope ratio mass spectrometer (CFIRMS) with every five unknown samples separated by 
two laboratory standards (egg albumen and bowhead whale baleen). Stable isotope abundances 
were expressed in  notation as the deviation from standards in parts per thousands (‰) 
according to the equation: X=[(Rsample/Rstandard)-1]*1000, where X is 13C or 15N and R is the 
corresponding ratio 13C/12C or 15N/14N. The Rstandard values were based on the PeeDee Belemnite 
(PDB) for 13C and atmospheric N2 (AIR) for 15N. Reproducibility was previously determined by 
analyzing 2 aliquots of homogenized egg from one individual within the same analytical batch, 
yielding measurement uncertainties of  0.07‰ (SD) for stable-nitrogen measurements. Long-
term, within run measurement precision is ±0.2‰ (SD) for δ15N and ±0.1‰ (SD) for δ13C. Data 
for δ13C was not used in this study but is available on request. 
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D.12.1.2. Determination of murre trophic level position with adjustment for 
regional 15N baseline shifts 
Stable nitrogen isotopes (15N) have been used to examine energy flow through food 
chains1, providing information on food web interactions and trophic positions of constituent 
species2,3. Typically, 15N values increase by 3-4‰ from one tropic level to the next2. This has 
also been found to be true for avian eggs, where 15N values are enriched by 3.4‰ relative to the 
laying female’s diet4. Although usefully applied in single-system studies5, 15N values associated 
with primary producers may differ geographically, according to nutrient regimes. In cases where 
food webs differ inherently in 15N values of primary producers, trophic level estimates need to 
be adjusted from differences in baseline 15N signatures6.  
Regional variations of 15N baseline values have been reported in Alaskan arctic marine 
environments by several authors. This information is reviewed in Supplementary Table 3. The 
significant interregional variations of 15N in murre prey items (invertebrates and fish) indicate 
that it is necessary to adjust murre egg 15N values for these differences to allow meaningful 
spatial comparisons to be made. This adjustment was ultimately accomplished by transforming 
murre egg 15N values into estimates of trophic levels (TL) relative to the calanoid copepod, 
Calanus hyperboreus, (Supplementary Table 3) which is assumed to occupy a trophic level of 25. 
Also, that isotopic enrichment is constant among trophic levels  (about 3.8‰ for the arctic)2, and 
that captive-rearing studies of birds suggest that the diet-egg tissue isotopic fractionation factor 
of 3.4‰ is appropriate4, the TL can be estimated using a modified version of  an equation 
published elsewhere5 (see below): 
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TL=3+(15NEgg-(15NC. hyperboreus+3.4)/3.8 
 
The same approach can also be applied relative to 15N baseline values in fish samples 
(Supplementary Table 3). Assuming that the forage fishes used by murres were at TL 3, the TL 
of murres becomes:  
 
TL=4+(15NEgg-(15NPrey Fishes+3.4)/3.8 
 
The comparison of TL values obtained by both methods gave results that agreed well with the 
Alaskan regions that we studied (Supplementary Figure 2). The results indicated that the murres 
did not feed at the same trophic level in all of the regions, foraging heavily on invertebrates in 
the southern Bering Sea, with a trophic level of 3, confirming field observations7,8. Pelagic fishes 
represented a significantly higher fraction of the diets in both the Gulf of Alaska and Chukchi 
Sea with TL values on the order of 3.5, also confirming earlier isotopic and stomach content 
studies in these areas9-11.  
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D.12.2. Supplementary Method 2 
D.12.2.1. MeHg MIF fractionation factors under marine Hg/DOC conditions 
The calculation of percentage photodemethylation that marine MeHg has undergone 
before incorporation and biomagnification along the food chain was made following Bergquist 
and Blum (2007)12. These authors determined experimental MeHg MIF fractionation factors of 
103lnαΔ199Hg = -3.3 ‰ and 103lnαΔ201Hg = -2.5 ‰ at MeHg/DOC of 66200 ng mg-1 as well as 
103lnαΔ199Hg = -7.9 ‰ and 103lnαΔ201Hg = -5.9 ‰ at Hg/DOC of 9350 ng mg-1. As MIF 
fractionation factors, 103lnαΔ199Hg and 103lnαΔ201Hg, vary with MeHg/DOC ratio we estimated the 
corresponding fractionation factors in the North Pacific surface ocean waters (the main water 
source for the Bering and Chukchi seas) by extrapolation. North Pacific surface ocean 
MeHg/DOC ratios13,14  are approximately 0.075 ng MeHg per mg of high molecular weight 
DOC. Also, we assumed that at DOC=0 Hg MIF does not take place and therefore the MIF 
fractionation factors 103lnαΔoddHg are 0 (at DOC=0). Two different extrapolation methods were 
tested and are summarized in Supplementary Figure 3. “Datafit” non-linear regression software 
from Oakdale Engineering was used for all fitting. 
1. MeHg/DOC  (ng/mg) vs. 103lnαΔoddHg data pairs were fitted. The DOC = 0 limit leads to a 
MeHg/DOC = ∞, which cannot be plotted. We assumed that 103lnαΔoddHg =0 for 
MeHg/DOC ~ 106. Sensitivity testing suggested that the extrapolation to North Pacific 
surface ocean conditions is not sensitive to this assumption. The following fits were 
obtained: 
 
CHAPTER D: Investigating Biogeochemical Processes using  
Mercury Isotope Fractionation in Specimen Bank Samples 
181 
103lnαΔ199Hg =-8.7x 0.999985(MeHg/DOC) 
103lnαΔ201Hg = -6.4x 0.999985(MeHg/DOC) 
 
At the low MeHg/DOC ratio of 0.075 for North Pacific surface ocean waters these 
equations lead to 103lnαΔ199Hg = -8.7 ‰ and 103lnαΔ201Hg = -6.4 ‰ 
2. DOC/MeHg (mg/ng) vs. 103lnαΔoddHg data pairs were fitted. This permits a clear 
definition of the DOC = 0 limit, as it leads to DOC/MeHg = 0 with associated 
103lnαΔoddHg = 0. The following fits were obtained: 
 
103lnαΔ199Hg =-10.2x(DOC/MeHg)/(3.14 10-5xDOC/MeHg) 
103lnαΔ201Hg = -7.6x(DOC/MeHg)/(3.14 10-5xDOC/MeHg) 
 
At the low MeHg/DOC ratio of 0.075 for North Pacific surface ocean waters these 
equations lead to 103lnαΔ199Hg = -10.2 ‰ and 103lnαΔ201Hg = -7.6 ‰ 
 
Based on the agreement between fitting scenarios 1 and 2, we propose the following MIF 
fractionation factors for North Pacific surface ocean waters using scenario 1 because of the more 
limited extent of extrapolation: 103lnαΔ199Hg = -8.7 ‰ and 103lnαΔ201Hg = -6.4 ‰ with an 
associated conservative uncertainty estimate of 50% (2RSD). Following an iHg MIF baseline 
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correction to egg MeHg MIF signatures, and the Rayleigh-type calculations of 
photodemethylation extent by Bergquist and Blum (2007)12, we found a 50% variation in 
103lnαΔ199Hg = -8.7 ‰ that suggested 4-12% of the MeHg was photodemethylated in the Gulf of 
Alaska. We propose that loss of sea ice in the Arctic Ocean will produce similar photochemical 
conditions that will increase photodemethylation from 4 to 12%.  
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Chapter D. Supplementary Table 1. Collection locations, dates, sample sizes, and mercury isotope values for common and thick-billed (Uria 
aalge and U. lomvia) eggs from Alaska. 
 
Egg 
ID 
Species Location Collection date1 Latitude Longitude
δ199Hg
(‰) 
δ200Hg
(‰) 
δ201Hg
(‰) 
δ202Hg
(‰) 
Δ199Hg
(‰) 
Δ201Hg
(‰) 
184 
Thick-billed 
Murre 
Chukchi Sea, 
Cap Lisburne 
7 July 2002 68,87 166,11 
0,43 0,00 0,48 0,10 0,41 0,40 
180 0,62 0,20 0,82 0,35 0,53 0,56 
182 0,74 0,29 0,99 0,55 0,61 0,58 
181 0,62 0,09 0,72 0,33 0,54 0,47 
183 0,28 -0,16 0,19 -0,29 0,35 0,41 
198 Thick-billed 
Murre 
Bering Sea, 
St. Lawrence Island
20 June 2002 63,67 170,25 
0,85 0,27 0,95 0,36 0,76 0,68 
193 1,19 0,35 1,19 0,51 1,06 0,81 
32 
Common 
Murre 
 
Gulf of Alaska, 
East Amatuli Island
7 July 1999 58,92 152,00 
1,67 0,83 2,17 1,45 1,30 1,07 
40 1,38 0,52 1,67 0,94 1,14 0,97 
37 1,39 0,39 1,56 0,67 1,22 1,05 
33 1,40 0,46 1,56 0,75 1,21 1,00 
39 0,95 0,04 0,91 0,13 0,91 0,81 
12 Common 
Murre 
Gulf of Alaska, 
St. Lazaria Island 
23 July 1999 
 
56,99 135,70 
1,60 0,75 2,05 1,36 1,25 1,03 
10 1,54 0,62 1,99 1,17 1,24 1,10 
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17  1,59 0,68 1,95 1,17 1,30 1,07 
18 1,54 0,66 1,98 1,20 1,24 1,07 
19 1,55 0,58 1,86 1,13 1,26 1,00 
72 
Common 
Murre 
 
Gulf of Alaska, 
St. Lazaria Island 
10 July 2001 56,99 135,70 
1,36 0,50 1,67 0,86 1,14 1,02 
73 1,46 0,44 1,61 0,82 1,25 0,99 
74 1,42 0,43 1,58 0,69 1,24 1,06 
76 1,29 0,42 1,53 0,75 1,10 0,97 
75 0,86 -0,18 0,66 -0,24 0,92 0,84 
85 
Thick-billed 
Murre 
Gulf of Alaska, 
St. Lazaria Island 
10 July 2001 56,99 135,70 
1,42 0,52 1,76 0,95 1,18 1,05 
84 1,16 0,28 1,26 0,49 1,03 0,89 
86 1,56 0,45 1,69 0,77 1,36 1,11 
78 0,86 -0,08 0,67 -0,22 0,92 0,83 
134 
Thick-billed 
Murre 
Gulf of Alaska, 
St. Lazaria Island 
6 July 2002 56,99 135,70 
1,55 0,66 1,97 1,18 1,25 1,07 
133 1,45 0,62 1,82 1,06 1,18 1,02 
135 1,51 0,62 1,94 1,12 1,22 1,09 
139 1,37 0,45 1,62 0,77 1,17 1,04 
136 1,24 0,36 1,38 0,60 1,09 0,92 
127 Thick-billed Bering Sea, 2 July 2002 56,60 169,54 1,32 0,38 1,41 0,48 1,20 1,05 
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124 Murre St. George Island 
 
0,98 -0,02 0,80 -0,04 0,99 0,83 
130 0,58 -0,47 0,29 -0,77 0,78 0,87 
66 
Common 
Murre 
 
Bering Sea, 
Bogoslof Island 
 
17 June 2000 53,93 168,00 
1,29 0,22 1,29 0,23 1,23 1,12 
67 1,41 0,45 1,44 0,54 1,27 1,03 
63 0,68 -0,38 0,34 -0,84 0,90 0,97 
64 1,02 0,04 0,88 -0,11 1,05 0,96 
52 
Thick-billed 
Murre 
Bering Sea, 
Bogoslof Island 
 
18 June 2000 53,93 168,00 
1,13 0,12 1,08 0,26 1,06 0,88 
58 1,14 0,23 1,17 0,31 1,06 0,93 
54 1,10 0,15 0,96 0,17 1,05 0,83 
57 1,16 0,32 1,29 0,56 1,02 0,87 
49 0,77 -0,26 0,42 -0,32 0,85 0,66 
1 All of the eggs were collected within about 7 days of being laid.
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Chapter D. Supplementary Table 2a. Checking for analytical bias during Hg isotope analysis. 
 
A murre egg sample characterized by low Hg backgrounds (10 ng/g ww) was spiked with two 
different levels of SRM 3133 that bracketed the concentration range observed in this study. The 
absence of significant values of Hg MDF and MIF in this egg-spiked material relative to the 
bracketing standard (NIST SRM 3133) illustrate the absence of analytical and/or matrix induced 
bias, ensuring accurate Hg MDF and MIF measurements in the egg samples. 
 
Sample 
spiking 
Hg 
Concentr
ation 
(ng/g)a 
n 
δ199
Hg 
(‰)b
δ200
Hg 
(‰)b
δ201
Hg 
(‰)b
δ202
Hg 
(‰)b
 
Δ199
Hg 
(‰)b
Δ200
Hg 
(‰)b 
Δ201H
g 
(‰)b 
Spiking 
level 1  
+ 300 ng/g  
SRM 3133 
310 2 
0.02 
±0.0
2 
0.05 
±0.0
9 
0.01 
±0.1
0 
0.06 
±0.1
3 
 
0.01 
±0.0
1 
0.02 
±0.0
3 
-0.04 
±0.01 
Spiking 
level 2  
+ 600 ng/g  
SRM 3133 
610 2 
0.02 
±0.0
5 
-
0.07 
±0.0
1 
-
0.08 
±0.0
6 
-
0.15 
±0.0
2 
 
0.06 
±0.0
5 
0.00 
±0.0
2 
0.03 
±0.07 
a Equivalent Hg concentration (wet mass) after spiking with SRM 3133 
b Uncertainties are ± 2SD  
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Chapter D. Supplementary Table 2b. Hg isotope measurement accuracy, traceability and 
uncertainty. 
 
Each analytical batch included 10 to 15 individual egg samples that were analyzed with a 
secondary standard solution (UM-Almaden) and two reference materials (NIST SRM 1947, 
NIST QC04-ERM1) that were analyzed for every fifth sample. The UM-Almaden Hg standard 
did not show any statistical differences for the Hg MDF and MIF values compared to the results 
reported by other authors17. Also, two reference materials (SRM 1947 Lake Michigan Fish 
Tissue and QC04-ERM1 matrix-match Murre Egg Control Material) were analyzed and the 
reference values and associated uncertainties are listed below. 
 
Reference 
Material 
 Hg 
Concentration 
(ng/g) 
n 
δ199Hg 
(‰)c 
δ200Hg 
(‰)c 
δ201Hg 
(‰)c 
δ202Hg 
(‰)c 
 
Δ199Hg 
(‰)c 
Δ200Hg 
(‰)c 
Δ201Hg 
(‰)c 
            
Intercomparison 
Hg Standard   
(UM-Almaden) 
This work  9 
-0.15 
±0.09 
-0.29 
±0.07 
-0.50 
±0.15 
-0.62 
±0.15 
 
0.01 
±0.10 
0.03 
±0.07 
-0.03 
±0.10 
17  22-25 
-0.14 
±0.06 
-0.27 
±0.04 
-0.44 
±0.07 
-0.54 
±0.08 
 
-0.01 
±0.02 
0.00 
±0.02 
-0.04 
±0.04 
            
SRM 1947 
Cryogenic Fresh-
Frozen Fish 
Tissue (Lake 
Trout, Lake 
Michigan, USA) 
This work 253.5a±5.3b 9 
5.23 
±0.29 
0.60 
±0.19 
4.65 
±0.44 
0.99 
±0.28 
 
4.97 
±0.25 
0.10 
±0.09 
3.89 
±0.29 
            
QC04-ERM1 
Cryogenic Fresh-
Frozen Seabird 
Egg Material 
(Murre Egg, 
Alaska, USA) 
This work 100.9a±3.3b 7 
1.50 
±0.17 
0.55 
±0.24 
1.78 
±0.27 
0.97 
±0.26 
 
1.25 
±0.11 
0.07 
±0.19 
1.05 
±0.10 
a wet-mass basis mean concentrations 
b Expanded uncertainty (k=2) expressed at the 95% confidence interval  
c Uncertainties are ± 2SD 
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Chapter D. Supplementary Table 3. Review on 15N baseline values in invertebrates and 
fishes from the different Alaskan arctic and sub-arctic regions studied during this work. 
 
Groups Species Location 
Date of  
Collection
δ15N 
(‰) SE n Reference
Invertebrates Calanoid Copepod 
Chukchi Sea 1985-1994 11
a 0.19b 162b 18 
Northern 
Bering Sea 
1985-
1994 11
a 0.20b 347b 18 
Southern 
Bering Sea 
1985-
1994 8
a 0.20b 347b 18 
Gulf of Alaska 1994-1999 8.4 0.1 1515 19 
        
Fishes 
Arctic cod 
Chukchi Sea 
1983-
1987 14.1 0.5 3 20 
Sculpin 1983-1987 15.0 0.2 2 20 
Arctic cod 1996-2003 15.5 1.0 24 21 
Rainbow smelt 1996-2003 14.8 1.0 10 21 
  Mean ± SD 14.9 ± 0.6  
       
Pacific herring 
Northern 
Bering Sea  
(>58°N) 
1996-
2003 13.8 0.9 3 21 
Walleye 
pollock 
1996-
2003 14.2 2 6 21 
Walleye 
pollock 1997 12.9 1 26 22 
Eulachon 1997 14.0 0.2 10 22 
Pacific herring 1997 14.4 0.15 15 22 
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Squid 1997 11.3 0.2 7 22 
Gadidae 1998 11.0 0.1 2 23 
Pacific sand 
lance 1998 16.0 0.6 4 23 
Gadidae 1999 12.8 0.1 18 23 
Pacific sand 
lance 1999 14.8 0.1 12 23 
Pacific sand 
lance 1998 17.0 0.5 6 23 
Gadidae 1999 14.1 0.3 16 23 
  Mean ± SD 13.9 ± 1.7  
       
Pacific cod 
Southern 
Bering Sea  
(<58°N) 
1983-
1987 16.2 1.3 3 20 
Limanda 1983-1987 15 0.1 2 20 
Gadidae 1997 11.8 0.1 2 23 
Pacific cod 1997 10.8 0.1 2 23 
Gadidae 1998 10 0.1 22 23 
Pacific sand 
lance 1999 12.4 0.1 4 23 
Pacific sand 
lance 1999 10.4 0.1 2 23 
Gadidae 1997 12 0.1 14 23 
Gadidae 1999 12.4 0.1 22 23 
Pacific sand 
lance 1999 11.9 0.1 4 23 
  Mean ± SD 12.3 ± 1.9  
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Capelin 
Gulf of Alaska 
1990 12.2 0.3 4 9 
Sand lance 1990 13.3 0.3 4 9 
Capelin 1992-
1994 12.4 0.1 13 24 
Atka mackerel 1992-1994 12.2 0.2 3 24 
Prowfish 1992-1994 12.2 0.2 12 24 
Rockfish 1992-1994 12.0 0.0 2 24 
Sand lance 1992-1994 11.9 0.1 8 24 
Mackerel 1992-1994 11.9 0.7 5 24 
Pacific cod 1992-1994 11.4 0.2 19 24 
  Mean ± SD 12.1 ± 0.5  
a Average 15N values in the vicinity of the colonies investigated in this work were determined 
from the data compiled by Schell and coworkers18 
b Averaged SE and n values for the Chukchi Sea, Bering Sea and Gulf Of Alaska regions were 
determined from the data compiled by Schell and coworkers18 
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Chapter D. Supplementary Figure 1. Mercury isotopic composition with δ202Hg plotted 
against (a) δ199Hg, and (b) Δ199Hg in common murre (COMU, Uria aalge, ) and thick-billed 
murre (TBMU, U. lomvia, ) egg samples from the Alaskan arctic and sub-arctic latitudes.  
 
The dotted lines represent the regression trend for all of the colonies. 
The dashed line plotted in supplementary Fig.1a is the theoretically predicted mass-dependent 
fractionation (MDF) based on δ202Hg values17. The uncertainty reported for each sample is the 
external reproducibility of the method used for an egg control material that is available in large 
quantities and prepared with the same cryogenic procedures (± 0.26‰, 2, SD for δ202Hg, and 
0.11‰, 2, SD for Δ199Hg, Supplementary Table 2b; see Fig.1 for legend. 
(a) 
(b) 
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Chapter D. Supplementary Figure 2. Murre (Uria spp.) trophic level (TL ± SD) positions 
estimated from egg 15N values comparing calanoid copepods or fish prey items with a baseline 
reference (Supplementary Method 1 and Table 3).  
 
The southern Bering Sea region shows the combined STGE and BOGO data, and the Gulf of 
Alaska region shows the combined EAAM and STLA data. No temporal differences were 
detected in the COMU egg 15N values at SLTA over a 3 year period (1999 to 2001), so these 
data were pooled. The STLA and BOGO colonies did not display statistical 15N differences 
between COMU and TBMU eggs for the two colonies. 
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Chapter D. Supplementary Figure 3a-b. Non-linear regression of published MeHg 
photoreduction MIF fractionation factors for Δ201Hg. See Supplementary Method 2 for a detailed 
explanation. 
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Chapter D. Supplementary Figure 4. Influence of seasonal and annual global radiation fluxes 
(W/m2) on colony average murre egg Hg MIF (Δ201Hg ± SD) for the different sampling events. 
  
Global radiation fluxes values were obtained from the complete radiation coverage of Alaska 
proposed by Dissing and Wendler27. Radiation fluxes were obtained from five stations closest to 
the seabird colonies (Cold Bay, Kotzebue, St Paul Island, Valdez, Yakutat). See Fig.1a legend. 
(a) shows the mean global radiation fluxes from the beginning of the breeding season (early 
April) until most of the eggs have been laid (late June).  The values are higher at the northern 
latitudes and lower in the Gulf of Alaska with intermediate values in the southern Bering Sea. 
The absence of significant differences in egg Hg MIF (Δ201Hg) from the Gulf of Alaska and the 
southern Bering Sea and the lower values at the northern latitudes (Chukchi Sea) suggest a 
limited control of radiation fluxes on egg Hg MIF during the breeding season. (b) A similar 
conclusion can be made using annual mean global radiation fluxes that do not show clear 
relationships with egg Hg MIF values at colonies with distinct radiations fluxes. 
 
 
(a) (b) 
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Chapter D. Supplementary Figure 5. Influence of sea ice concentration (% ± SD) on 
photochemical MeHg degradation for the different sampling events.  
 
Egg MeHg Δ201Hg was used to estimate what percentage of MeHg underwent photochemical 
degradation in surface waters before incorporation and biomagnification in Alaskan food webs. 
Uncertainty on the photochemical MeHg degradation is a conservative uncertainty estimate of 
50% (2*RSD; see Supplementary Method S2). 
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CONCLUSIONS AND FUTURE DIRECTIONS 
 
 
The work presented here shows examples of how readily available ESB samples can be 
used for high impact research on Hg in marine ecosystem.  This included monitoring of spatial/ 
temporal trends of Hg concentrations, and utilizing newer approaches such as using Hg stable 
isotopes for source apportionment or as tracers of Hg biogeochemical cycling.  Seabird eggs 
from STAMP provide a robust archive of samples from which to frame questions and test 
hypotheses on a relatively large scope without additional expenditures for field collections.  This 
is indeed one of the strengths of ESBs.  For an emerging field such as Hg isotope chemistry, this 
provides an accelerated means to provide a more global context in which to interpret our 
collective observations and shape our current understanding of Hg isotope fractionation in the 
environment.  The systematic design and large scope of most ESB programs limits their direct 
utility to conduct definitive mechanistic research.  However, the research presented here shows 
that analysis of ESB samples can provide a clear strategic direction to pursue more directed 
research objectives.                
 One example of this comes from Chapter C, which showed Hg isotope signatures 
differentiated geogenic Hg sources in Norton Sound from oceanic reservoirs further offshore 
(Figure 4).  The natural extension of this finding is to construct a binary mixing model that 
allows a more quantitative source apportionment delineating the fractions of Hg in the marine 
ecosystem (and Alaskan seafood) coming from each of these sources across the coastal to 
oceanic gradient.  This will require isotopically characterizing the source end members, i.e. the 
Yukon River and oceanic reservoir (Alaska Coastal Current/Anadyr Current).  Since the 
potential for fractionation of Hg during food web transfer has not been definitively resolved, 
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inorganic samples such as water or suspended matter would be preferable for this purpose, not 
seabird eggs.  Water or suspended matter are not collected and banked by the MESB, so these 
samples would be collected as part of a directed field campaign or collaborative effort. 
 Other findings provide compelling evidence to conduct mechanistic laboratory 
experiments to further investigate the processes driving our observations.  The strong correlation 
between δ202Hg and δ13C (Chapter C, Figure S3) spans a vast area including different 
oceanographic basins with diverse environmental conditions, and cannot be explained by a 
simple source/dilution phenomenon.  The proposed theory is that this relationship is driven by 
factors that affect the uptake and subsequent mass-dependent fractionation of C and Hg by 
primary producers.  Factors such as phytoplankton growth rate and cell size that are dependent 
on physical and biological oceanographic conditions could simultaneously affect the 
fractionation of C, Hg, as well as N.  Correlations between Hg MDF and either δ13C or δ15N have 
been reported in the literature, and could be influenced by these processes occurring at the very 
base of the food web.  This theory needs to be experimentally tested by culturing phytoplankton 
in the presence of Hg/MeHg with different nutrient and light conditions, and phytoplankton 
species.  This will provide a range of cell sizes, growth rates, and surface area-volume ratios that 
could subsequently affect the rates of passive diffusion and (potentially) isotope fractionation of 
Hg and MeHg during uptake from seawater. 
 We documented that Hg isotope signatures in seabird eggs reflect geogenic Hg inputs 
into Norton Sound.  In the coming decades, intensifying permafrost melt in the Yukon River 
watershed is expected to increase the release of Hg from organic soils.  This newly released 
geogenic Hg should further elevate the concentration and extent of Hg contamination in Norton 
Sound, and result in an even stronger geogenic Hg isotope signature (i.e. lower degree of Hg 
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MDF and MIF) in murre eggs.  Long-term monitoring and banking provides an ideal tool to 
track gradual changes in climate-related environmental processes such as this. 
 Another finding with direct climate implications was the observation that sea-ice acts as a 
barrier to photochemically-induced MIF.  This was reflected in a systematic large-scale 
latitudinal gradient in MIF that extended from the Arctic to the Subarctic and was observed in 
1999-2002 (Chapter D) and in 2008-2009 (Chapter C).  The evidence for the role of sea-ice in 
driving this trend is compelling, but further studies would be beneficial to confirm the 
mechanism driving this relationship and to explore the relative importance of other 
environmental factors in controlling the photodegradation/photoreduction of MeHg/Hg in the 
surface ocean.  One such experiment could be time-series measurements of Hg stable isotopes in 
plankton in the open-water ice leads that form during the polar spring as seasonal sea ice begins 
to regress.  Over a period of months, a larger extent of the surface ocean is exposed to sunlight, 
and the intensity of solar radiation increases, both of which should be reflected by a higher 
degree of Hg fractionation in the marine environment.   
The mechanism could also be corroborated by expanding the geographic extent of the 
data.  The latitudinal transect currently extends nearly 1700 km from 69º N in the Chukchi Sea 
(Arctic Ocean) to 54º N in the Aleutian Islands (subarctic).  Recent expansion of STAMP to 
collect and bank other piscivorous seabird eggs from U.S. Pacific island territories will expand 
the latitudinal range to 7000 km, including tropical and equatorial sites in the Hawaiian Islands at 
21º N at Palmyra at 5º N.  This northern hemisphere transect will integrate the maximum range 
of solar radiation experienced by the surface ocean, and could provide valuable insight into Hg 
photochemical fractionation and Hg exchange between the surface ocean and atmosphere. 
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The aforementioned point highlights the large geographic scope that is available using 
seabird eggs from the MESB.  Even more importantly, seabird eggs are one of the most 
commonly banked tissues in ESBs worldwide.  The availability and high quality of these 
archived seabird eggs make it possible to conduct a truly global study on Hg isotopes, butyltins, 
or other contaminants of concern.   Global studies utilizing the international network of ESBs 
could also be performed using other broadly distributed taxa that represent lower and high 
trophic levels, such as bivalves and delphinids.  Like seabirds, delphinids often have ranges that 
integrate a broad enough area to be representative of regional conditions (opposed to highly 
localized), and could be useful for large-scale geographic studies.  To facilitate these types of 
global studies, ESB managers must maintain manageable tissue access policies, establish web-
based database portals that include spatial information, and effectively communicate availability 
of the resource to potential users. 
The results presented here have also laid the foundation for significant improvements to 
the reference materials that are available to the Hg isotope research community for quality 
control.  UM-Almaden is a widely reported inorganic secondary standard used to assess inter-
laboratory results for Hg isotope measurements.  However, there are currently no certified 
biological reference materials available for matrix-matched method validation of Hg isotope 
measurements.  As a result, the absolute accuracy of Hg stable isotope measurements in a given 
matrix is currently difficult to definitively confirm. This is of concern because complex 
biological samples can induce matrix effects that influence fractionation when the matrix is 
present at a high enough concentration to impair the efficiency of cold vapor generation.  The Hg 
isotope measurements made in Chapter C (Table S1; n = 11) and Chapter D (Supplementary 
Table 2b; n = 9) included the measurement of NIST SRM 1947 Lake Michigan Fish Tissue to 
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report the external reproducibility of the analytical method.  These measurements were made on 
two different multicollector ICPMS instruments (Neptune-Thermo and Nu Instruments) with 
different cold vapor generation systems, and showed good agreement.  SRM 1947 is a commonly 
measured matrix (fish muscle) for Hg and is widely available.  Therefore this control material is 
a good candidate to assign Hg isotope values to the certificate for use an isotopic biological 
reference material.  This process would take the form of an inter-laboratory comparison that 
would synthesize measurement made by NIST with measurements from international expert Hg 
isotope labs.     
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Appendix 5. Additional Scholarly Contributions on Specimen Banking, and 
Wildlife Health Assessments during PhD candidacy 
Appendix 5.1. Environmental Specimen Banking 
Appendix 5.1.1. Book Chapter in Interdisciplinary Studies on Environmental 
Chemistry 
“Specimen Banking for Marine Animal Health Assessment”. Kucklick, John; Pugh, Rebecca; 
Becker, Paul; Keller, Jennifer; Day, Russell D.; Yordy, Jennifer; Moors, Amanda; Christopher, 
Steven J. ; Bryan, Colleen E. ; Schwacke, Lori; Wells, Randall S.; Balmer, Brian C. ; Hohn, 
Aleta; Rowles, Teri. In review. 
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“Environmental Specimen Banking at the National Institute of Standards and Technology 
(USA).” Becker, Paul; Pugh, Rebecca; Moors, Amanda; Rust, Lauren B. ; Porter, Barbara J. ; 
Mackey, Elizabeth A. Dr. (Liz); Schantz, Michele M. Dr.; Zeisler, Rolf L. Dr.; Kucklick, John; 
Vander-Pol, Stacy; Keller, Jennifer; Christopher, Steven J. ; Day, Russell D. ; Point, David; 
Wise, Stephen A. Book Chapter: 11. Springer-Verlag. In review. 
 
Appendix 5.2. Contaminants in bird eggs from the NIST Marine 
Environmental Specimen Bank 
Appendix 5.2.1. Organic contaminants in seabird eggs 
“Geographic Differences in Organic Contaminants and Stable Isotopes (δ13C, δ15N) in Thick-
billed Murre (Uria lomvia) Eggs from Alaska.” Vander Pol, S,S., Hobson, K.A., Becker, P.R., 
Day, R.D., Ellisor, M.B., Pugh, R.S. and Roseneau, D.G. 2011. Journal of Environmental 
Monitoring. 13:699-705. 
 
Appendix 5.2.2. STAMP status update 
“Seabird Tissue Archival and Monitoring Project: Egg Collections and Analytical Results for 
2006-2009”. Vander Pol, S. S., Becker, P. R., Sylvain, B., Day, R. D., Donard, O. F., Hobson, K. 
A., Moors, A. J., Pugh, R. S., Rust, L. B., Roseneau, D. G. 2012. NIST Interagency/Internal 
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Appendix 5.2.3. Peregrine falcon banking for U.S. Fish and Wildlife Service 
“Results for the Determination of Mercury in Peregrine Falcon (Falco peregrinus) Eggs”. NIST 
Report of Analysis 839.01-10-215. 
 
Appendix 5.3. Mercury in chelonians  
Appendix 5.3.1.  Sea turtle health assessment and banking   
“Regional Mercury Exposure Patterns in Loggerhead Sea Turtles (Caretta caretta) in the 
southeastern United States:  Does the Incidence of Fibropapillomatosis Coincide with High 
Mercury Exposure?” Day, Rusty D., Jeffrey Schwenter, Michael Arendt, Dean Bagley, Barbara 
Schroeder, Olivier Donard, Jennifer M. Keller. In prep. For submission to Environmental 
Pollution. 
This manuscript is part of a collaborative effort between NIST, South Carolina Department of 
Natural Resources, and NOAA to conduct a regional sea turtle health assessment and bank 
aliquots of collected tissues.  These data (NIST Report of Analysis 639.01-11-001) present Hg 
exposure in loggerheads from Florida Bay and the Indian River Lagoon (Florida) where high 
incidence of the disease fibropapillomatosis has historically occurred.  These Hg exposure levels 
are compared to those at other sites influenced by estuarine (shipping channels of Cape 
Canaveral and Charleston) and oceanic systems.  
 
Appendix 5.3.2. Validation of blood as a tissue for mercury monitoring 
“Measuring Blood Methylmercury Kinetics in the Diamondback Terrapin (Malaclemys terrapin) 
Using Enriched Stable Isotopes”. Jeffrey A. Schwenter, Rusty D. Day, John H. Schwacke, W. 
David McGuinn, Steven J. Christopher, and David W. Owens. In Prep. For submission to 
Environmental Science and Technology. 
This project was a collaboration between NIST, College of Charleston, and South Carolina 
Department of Natural Resources to evaluate the diamondback terrapin as an estuarine 
indicator species.  The terrapin also serves as a model species to investigate MeHg kinetics in 
blood, a tissue that we use for monitoring in other chelonians such as sea turtles. 
   
Appendix 5.4. Mercury in the bottlenose dolphin (Tursiops truncata) 
Appendix. 5.4.1. Determining regional patterns of Hg exposure  
“Regional Assessing Mercury Exposure in Bottlenose Dolphins (Tursiops truncata) in the 
Southeastern U.S. and Gulf of Mexico”. Rusty D. Day, Paul R. Becker, Teri Rowles, Lori 
Schwacke. In prep. For submission to Environmental Toxicology and Chemistry. 
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This research summarizes a regional assessment of the exposure of dolphins to mercury using 
remote dart biopsies and wedge biopsies from live captures collected in collaboration with 
NOAA, and banked in the NIST MESB.  Sampling locations include St. Joe Bay, Chocktahatchee, 
and Biscayne Bay (all Florida), Sapelo and Brunswick (Georgia), and Beaufort (North 
Carolina).  Literature values are available from Charleston, Indian River Lagoon (Florida), 
Sarasota (Florida), and New Jersey for comparison (NIST ROA 839.01-09-211). 
 
Appendix 5.4.2. Bottlenose dolphin health assessment  
“Relationship of Mercury to Health Parameters in Bottlenose Dolphins (Tursiops truncata) at 
Superfund and Reference Sites in Georgia”. Rusty D. Day, Paul R. Becker, Teri Rowles, Brian 
Balmer, Lori Schwacke. In prep. For submission to Environmental Health Perspectives. 
This project is based on dolphin live capture events that NOAA, NIST, and other collaborators 
performed in Georgia, U.S.A. to assess the health of populations at Brunswick (location of a Hg 
superfund site) and Sapelo (reference site). A comprehensive suite of health parameters is 
available from dolphins from these two sites to assess whether Hg exposure is correlated to any 
indicators of health impairment (NIST Report of Analysis 639.01-11-002). Aliquots of the 
collected tissues are archived in the NIST MESB. 
 
Appendix 6. Additional Scholarly Contributions to Reference Material 
Certification and Quality Assurance during PhD candidancy  
Appendix 6.1. Metals in food supplements 
“Total Arsenic, Cadmium, Lead and Mercury in Food Supplements”. Sander, L. C., S. E. Long, 
S. J. Christopher, R. D. Day, K. E. Murphy, I. Baer, B. de la Calle, I. Verbist, D. Vendelbo, H. 
Emteborg, P. Taylor. 2009. IMEP-28: JRC Scientific and Technical Reports. Eur 24095 EN – 
2009. DOI 10.2787/19736. 
 
Appendix 6.2. Toxic metals in dietary supplements 
“Novel Approaches To The Homogeneity Assessment And Quantification Of Toxic Analytes 
(As, Cd, Hg and Pb) In Green Tea And Bitter Orange Dietary Supplement Standard Reference 
Materials”. Christopher, Steven J., Day, Russell D., Turk, Gregory C. Submitted. Talanta. 
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Appendix 6.3. Development of a green tea standard reference material 
“Development and Certification of Green Tea-Containing Standard Reference Materials”. L. C. 
Sander, K. E. Sharpless, S. A. Wise, M. Bedner, M. C. Tims, R. Lieberman,  S.E. Long, L.J. 
Wood, B. Porter, R. D. Day, S. J. Christopher, J. L. Molloy, K. E. Murphy, J. H. Yen, A. 
NguyenPho, M. C. Roman, M. Payne, J. M. Betz. In review. For submission to Analytical and 
Bioanalytical Chemistry. 
 
Appendix 6.4. Metals in multi-vitamin tablets 
“Certification of Elements in and Use of Standard Reference Material 3280 
Multivitamin/Multielement Tablets”. G.C. Turk, K.E. Sharpless, S.J. Christopher, D. Cleveland, 
R.D. Day, C.G. Jongsman, S.E. Long, E.A. Mackey, A.F. Marlow, R.L. Paul, J.R. Sieber, R.O. 
Spatz, R.Q. Thompson, L.J. Wood, L.L. Yu, R. Zeisler, S.A. Wise, J.H. Yen, R. Atkinson, E. 
Greene, J. Harnly, I-P. Ho, and J.M. Betz. In review. For submission to Analytical and 
Bioanalytical Chemistry.    
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“Fish-Related Standard Reference Materials”. Schantz, Michele M.; Christopher, Steven J.; 
Davis, Clay; Day, Russell D.; Keller, Jennifer; Kucklick, John; Long, Stephen E. Dr.; Mackey, 
Elizabeth A.; Point, David; Porter, Barbara J.; Poster, Dianne L.; Sharpless, Katherine E. ; Turk, 
Gregory C.; Wise, Stephen A. 2009. American Laboratory 41(2). 
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